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ABSTRACT
This research has dealt with the amalysis of the in- 
depth response of phenolic-nylon and silicone elastomer 
ablative composites. The calculations of the total energy 
absorbed were performed by the coupling of the virgin 
plastic gone with the decomposition and the char zone.
This was achieved by taking into account the energy ab­
sorbed by the reacting gases that flow into the char zone 
as a result of the depolymerization of the virgin plastic 
ablator and, in addition, by taking into account the 
energy absorbed associated with this depolymerization 
process. The bulk of the research was concentrated on 
phenolic-nylon ablative composite since it has shown the 
superior performance in comparison with other ablators in 
high heating rate environments. Frozen, equilibrium and 
non-equilibrium analyses were developed for this composite.
A non-equilibrium or kinetic analysis was not developed 
for silicone elastomers, because of insufficient data on 
the complex solid-state reactions that are known to occur 
in the silicone-carbon system. However, for the silicone 
elastomers the in-depth response was modeled by using 
equilibrium analysis which demonstrated the flexibility 
and generality of the computer analyses developed.
In this research we were able to identify the important 
energy absorbing mechanisms in ap ablator. In the plastic
x x v i i i
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zone the predominant energy absorbing mechanism is due to 
the decomposition of the plastic itself. In the char the 
predominant mechanisms are transpiration cooling, endother­
mie chemical reactions, and sublimation of carbon. In 
conjunction with the equilibrium and frozen flow analyses 
it was established that chemical reactions become important 
energy absorbing mechanisms above 2000°F, while sublimation 
does not become an important contributing factor unless the 
temperature is above about 4700®F,
For the phenolic-nylon ablator it was determined that 
a non-equilibrium flow analysis, employing detailed kinetic 
equations of the pyrolysis gases and a detailed analysis of 
the depolymerization of the virgin plastic composite, was 
necessary to accurately describe the in-depth response of 
the ablative composite.
In the non-equilibrium flow analysis the important 
chemical reactions amd kinetic data for a temperature range 
of 500°F to approximately 6000°F were determined by 
screening over one hundred chemical reactions. For each of 
the fifteen reactions finally selected to model the chemical 
behavior of the pyrolysis gases an equilibrium constant was 
computed to provide a means of calculating the reverse 
reaction rate constant and therefore, make the reactions 
reversible and thermodyncunically consistent.
The decomposition/char zone temperature interface for
XXIX
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all the cases analyzed was always higher than 2000°F in 
the non-equilibrium flow analysis, and the pyrolysis 
gases that transpired into the char zone reacted very 
quickly. As a consequence of the very rapid reaction rate 
in the non-equilibrium analysis it was necessary to use 
very small step-sizes in the Runge-Kutta numerical solution 
in order to maintain the stability of the solution. This 
resulted in excessive amounts of computer time which 
limited the number of cases analyzed. The numerical diffi­
culties experienced with the non-equilibrium analysis 
were due to a phenomenon called stiffness. Because of this 
the minimum total mass flux analyzed for the non-equilibrium 
flow analysis was 0.35 Ib/ft^-sec. However, no such res­
trictions were necessary for equilibrium or frozen flow.
Parameter studies with pressure and char surface 
recession velocities were conducted to determine the effect 
that these variables had on the total energy absorbed by 
the ablator. It was found that pressure had very little 
effect on the energy absorption below 4000°F, both for 
equilibrium and non-equilibrium analyses. Surface recession 
velocity had an effect on the decomposition/char zone 
temperature interface, with the interface temperature 
increasing with increasing recession velocity.
Although frpzen flow analysis proved to be a very poor 
approximation to the total amount of energy absorbed.
XXX
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equilibriiam analysis, using free energy minimization, 
proved to be a reasonable approximation to non-equilibrium. 
Although it suffers from its inherent simplifying assumption 
that the gases are always in chemical equilibrium.
X X X I
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CHAPTER I 
INTRODUCTION
This research describes the decomposition in-depth of 
ablative composites along with the transport phenomena of 
pyrolysis gases which result from the decomposition of these 
plastics as they flow through the porous char of char- 
forming ablators. In particular, the pyrolysis products are 
those formed by the thermal degradation of nylon-phenolic 
resin and silicone elastomer composites. The pature and 
extent of chemical reactions among the pyrolysis products 
and the char, along with the energy absorbed by the combined 
pyrolysis and char zone, are given major emphasis in this 
research. Likewise, the determination of the important che­
mical reactions with thermodynamically consistent kinetic 
data are necessary in developing a realistic analysis for 
predicting the thermal performance of ablative heat shields, 
and they have been obtained in this research.
The Design pf Thermal Protection Systems
It is a well known fact that vehicles reentering 
planetary atmospheres need to dissipate enormous amounts 
of energy. This energy dissipation is achieved by reducing 
the speed of the vehicle by either the use of rockets or by 
taking advantage of the frictional drag of the atmosphere 
to decelerate the vehicle. The former solution is not an
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
acceptable design practice since it increases the fuel 
requirements for a mission. This presents, however, some 
severe thermal zuid structural requirements for reentry 
véiicles (1, 2) since all of the energy the vehicle posse­
sses at reentry, kinetic as well as potential, must be con­
verted into heat. To illustrate that this energy can indeed 
be great. Figure 1-1 compares the energy per unit mass as a
function of entry speed V , in kilometers per second, for2
several heat shield materials (3). To dissipate this great 
amount of energy several methods of solutions are possible 
(4, 7, 8). These are: (1) Heat Sink, (2) Radiation Cooling,
(3) Transpiration Cooling and (4) Ablative Cooling.
Heat Sink: This method consists of providing enough
mass with high enough heat capacity to safely absorb the 
heat input to the vehicle (12).
Radiation Cooling: This method of cooling is achieved
by using highly reflective surfaces such that most of the 
heat incident to the body, by either convection and/or 
radiation, is reflected back rather than absorbed by the 
vehicle (13).
Transpiration Cooling: This technique injects fluid
into the boundairy layer through openings in the body. This 
injection of mass produces a substantial heat blockage that 
reduces the net heat transfer to the body by virtue of the 
thickening of the boundary layer.
Ablative Cooling: This form of thermal protection is
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achieved by the sacrificial loss of the material covering 
the body. The energy absorption is achieved by a change of 
phase. This phase change can be melting, vaporizing, and/ 
or subliming.
Of the four techniques, the first three suffer from 
excessive weight penalties to the vehicle. The feasibility 
of ablation heat shields for satellite reentry was esta­
blished in the late 50's and early 60's (2). Although 
absorption of heat by phase change is the distinguishing 
feature of ablation, energy dissipation by radiation, con­
duction, convection, transpiration, cooling and chemical 
reactions is likewise achieved (8, 9). Georgiev, et. al.
(5) has a discussion of the various factors affecting the 
choice of a heat sink, ablation, or radiation shield to 
use for thermal protection systems.
In addition, Lees (11), presents an example which illus­
trates, that for a good thermal conductor such as copper, 
the peak heat transfer rate should be limited to about 1,000 
BTU/ft -sec, for 30 seconds for a maximum allowable tempera­
ture of 1500°F. This clearly shows the limitations which 
are imposed on vehicles made of non-melting solids. Scala
(14) compares the effectiveness of transpiration cooling with 
ablating cooling and concludes that ablation is more effec­
tive than transpiration cooling on a coolant mass consump­
tion basis. Later, Beusman and Weisman (15) showed that 
transpiration cooling would be more effective if water were 
to be used as the coolant.
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Aerodynamic Heating of Blunt Bodies vs.
Slender Bodies
It was said that for a body entering the atmosphere, 
which is braked by aerodynamic drag, all of the energy 
possessed by the vehicle is converted into heat. Fortunately 
however, only a fraction of the total kinetic energy need be 
transferred to the vehicle as heat. The approximate eimount 
can be determined from the following analysis presented by 
Allen(3). He simplified the motion equation to consider on­
ly the most importamt term, the drag term. Then,
mdV = - 1 Cn P Vt,-̂ A (1-1)
“ïït "5:
Where m is the vehicle's mass, Vg the entry speed, t the 
time, p the air density, A the reference area and Cjj the 
drag coefficient based on A.
The rate of heat transfer to the vehicle was shown to
be:
Ü
1 Cg p A (1-2)
where g is the heat input and Cg is the heat transfer 
coefficient.
By combining these two equations it was shown that the 
heat input for the entire braking process was given by the 
following expression:
q = —  1 mVp^ (1-3)
Cd ? ^
That is, the amount of heat given to the body is determined
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by the ratio, which he called, the "energy ratio", of the 
heat tramsfer coefficient, Cg, to the drag coefficient, C^. 
Using Reynolds analogy amd assuming that only convective 
heating occurs, it was shown that:
Cp
n = —  =C   (1-4)
2 (Cpp + Cp)
where Cp is the skin friction coefficient and C^p is the 
pressure drag coefficient. It should be noted that blunt 
bodies have much greater pressure drag coefficient than
slender bodies. Hence the fraction of heat transferred to
the body is less thain for slender bodies. This interesting 
relation formed the basis for using blunt bodies as reentry 
vehicles under high heating load conditions and for long 
time reentry (6). "Depending on the relative amount of 
laminar and turbulent flow a slender vehicle designed with 
a length to diameter ratio of 3.0, for example, would have 
between about 6 to 16 times as severe a heating problem as 
a blunt vehicle designed to produce no lift", (6).
Thermal Protection System for Manned Reentry
It was previously stated that heating for a reentry 
vehicle is produced by conversion of the kinetic energy of 
the moving body into thermal energy when it decelerates.
For an efficient thermal protection system most of the in­
cident heat must be disposed at the outer surface. Any of
the four possible methods previously mentioned can be used 
effectively. However, it has been demonstrated that abia-
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tlon cooling is best suitable for manned reentry missions 
(3,8).
Ablative Materials: Ablative materials are generally
made of a ceramic, a plastic, or reinforced system formed 
by a combination of plastic and an inorganic fiber. In ge­
neral plastics and related composites have been widely used
(15). Ideally, these ablative materials must possess low 
thermal conductivity, high heat capacity and large heats of 
degradation (8). This is needed to effectively protect the 
vehicle from the high heating environment encountered during 
reentry.
Success has been achieved by employing composites of 
nylon, phenolic resin, silicon elastomers and others, A 
partial list of some of these composites is presented in 
Table 1-1. These composites fall into broad categories, 
non-charring(thermoplastic) and charring (thermosetting). A 
non-charring ablator is one which vaporizes and decomposes 
into gases with little or no residue remaining on the abla­
tive surface (17). Teflon is one such non-charring com­
pound. The charring ablator vaporizes, but it decomposes 
into low molecular weight pyrolysis gases and a carbonaceous 
residue. The gases are heated as they travel through the 
char layer with chemical reactions occurring. These gases 
when injected into the boundary layer effectively block part 
of the heat input to the vehicle surface by thickening the 
boundary layer. Phenolic-nylon is an example of a charring























Table 1-1. List o£ Materials Tested for Heat Protection of Reentry Vehicles (14)
Plastics : Ceramics : Reinforced Systems :
Polytetrafluoroethylene 
(Teflon)
Fused Silica Glass Fiber-reinforced Phenolics
Polyethylene Zirconia Metal Fiber-reinforced Ceramics









ablator. "In general charring ablators, subliming ablators 
and melting ablators provide the most effective thermal 
tection system" (18) . Of these, the charring cibla tor nor­
mally provides the most efficient thermal protection shield 
for a wide variety of applications including manned reentry 
vehicles (18,19). For this reason charring ablators have 
been studied.
Ablation: " Ablation is an orderly heat and mass
transfer process in which large amounts of thermal energy 
are expended by sacrificial loss of surface region material" 
(19). To date certain physical and chemical aspects of the 
process are well known and understood. A description of 
those physical and chemical processes for a charring abla­
tor follows.
Charring Ablator; Physical Process: On high speed
planetary reentry, the high temperature generated by vis­
cous forces causes the plastic ablator to undergo a number 
of physical and chemical changes with the formation of a 
carbonaceous residue. A cross section of the ablative com­
posite with the accompemied flow field is illustrated in 
Figure 1-2,
The heat input from the surrounding flow field is ab­
sorbed, dissipated, blocked, and conducted into the plas­
tic material substrate (19). Initially, the heat flow 
in penetrates at a low rate because of the low thermal









u^ - velocity of the flow field
Ug - velocity at the boundary layer edge
« - shear force at the char surface
a - radiative heat transfer to the char surface ^r
n - reradiative heat transfer from the char surface Hrr
W - mass flux of pyrolysis gases leaving char surface 
a - convective heat transfer to the char surface'C
Figure 1-2. Schematic Diagram of the Various Zones 
Developed During Reentry of a Capsule 
Protected by a Char Forming Ablative 
Heat Shield,
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conductivity of the ablator. This causes a rapid 
temperature rise on the surface with subsequent phase 
change and thermal degradation of the material into 
pyrolysis gases and a porous carbon char. During this 
phase change of the virgin plastic composite into 
bases and char an enormous amount of heat is absorbed. 
This prevents the interior of the vehicle from getting 
excessively hot. The pyrolyzed gases flow through the 
char to the surface and in the process absorb heat due 
to their own heat capacity (transpiration cooling) and in 
addition, undergo, mostly endothermie chemical reactions. 
The pyrolyzed gases are injected into the boundary 
layer producing a blowing effect and thus, reducing the 
net heat transfer to the surface of the vehicle. The 
char produced from the decomposition of the plastic 
material and the further cracking of the pyrolysis 
gases, has a double protective effect. It acts as an 
insulator for the virgin material by effectively reducing 
the rate of heat conducted to it. It also acts as a 
radiation shield by radiating back part of the heat 
incident to the surface. Thus the char serves to control 
the surface temperature and greatly restrict the flow of 
heat into the substrate interior (19).
Summary
This chapter has illustrated the severe heating 
problems encountered by vehicles entering planetary
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atmospheres. It was shown that for high heating rates 
and long reentry time blunt body vehicles would absorb 
less heat than slender body vehicles. Of the several 
methods proposed to overcome the thermal barrier, 
ablation cooling was shown to be superior to the others 
for manned vehicle applications. In addition, it was 
shown that char forming ablators would normally provide 
better thermal protection for a wide variety of applica­
tions including manned reentry vehicles. Finally, it 
was illustrated that most of the heat transferred into 
the vehicle was absorbed at the decomposition zone and 
by the gases flowing through the char zone. For this 
reason, it is important that any theoretical analysis 
designed to predict the thermal response of ablative 
composites have an accurate description of the de­
composition zone and char zone since they are the im­
portant heat absorbing regions. In the subsequent 
chapter several analyses proposed to describe the 
decomposition zone and char zone are reviewed in the 
light of present knowledge of the ablation process.
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CHAPTER II
A REVIEW OP ANALYSES DESCRIBING DECOMPOSITION IN- 
DEPTH FOR THE ABLATIVE PROCESS OF CHAR 
FORMING ABLATORS
Research and development of ablative heat shield compo­
sites for space vehicles can be grouped into two broad 
categories. The first involves the detailed investigation 
of the physical and chemical processes which occur during 
ablation. In these studies particular attention has been 
given to the experimental investigation of plastic decompo­
sition chemistry (1-4), valid analytical descriptions of the 
pyrolysis zone (5-10), and the flow of pyrolysis gases 
through porous media (11-22). In addition, studies have 
been made of the effects that char oxidation (23-32), 
thermal property variations (33-39), porosity and permeabi­
lity of the char (34-37, 17), composition of the pyrolysis 
gases entering the char zone (40-43) , environmental condi­
tions (43-47), char spallation (48-50), boundary layer 
interaction (51-58), radiation (59-69) and others (70-92), 
have on the accurate prediction of the thermal performance 
of ablative composites. The second category covers the 
smalysis of the transient response of the combined heat and 
mass transfer mechanism which occurs between the heat shield 
and the flow field (7, 51, 53, 58, 84, 111). Research in
15
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both areas is essential in developing more effective ther­
mal protective system for reentry vehicles. The former 
category improves the accuracy of the transient response 
computation by supplying better experimental and theoreti­
cal understanding of individual physico-chemical processes 
which occur during ablation. The latter allows for a more 
economic and effective thermal design of the ablative heat 
shield.
As mentioned in Chapter 1/ this reseeorch describes 
the decomposition in-depth of edalative composites along 
with the tremsport phenomena of pyrolysis gases which re­
sult from the decomposition of these plastics as they flow 
through the porous char of char-forming aüslators. In 
paurticular, the pyrolysis products are those formed by the 
thermal degradation of nylon-phenolic resin and silicone 
elastomer composites. The nature and extent of chemical 
reactions among the pyrolysis products and the char, along 
with the energy absorbed by the combined pyrolysis and char 
zone, are given major ençhasis in this research. Likewise, 
the determination of the important chemical reactions with 
thermodynamically consistent kinetic data are necessary in 
developing a realistic analysis for predicting the thermal 
performemce of ablative heat shields, and they have been 
obtained in this research.
In one phase of this research April (19) made a state 
of the art study of the flow of pyrolysis gases in the char 
zone and reviewed the important works related to this area.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
17
In this chapter the emphasis is placed on the quasi-steady 
analysis for describing decomposition in-depth of virgin 
material composites. In addition, some of the typical 
transient response analyses are briefly discussed. In 
particular, the transient analyses of Swann, et. al. (58), 
Clark (111), Kendall, et. al. (51,53), amd Kratch, et.
(83), will be reviewed. Finally, a summary of previous 
research on flow in the char zone are presented. The dis­
cussion of analyses used for the description of the decompo­
sition process in virgin plastic ablative composites follows 
below.
Decomposition In-Depth of Virgin Plastic Composites
Several methods are available for the treatment of the 
thermal decomposition process of plastic composites. They 
differ primarily in whether the chemical decomposition of 
the plastic is assumed to occur in a single reaction pleme 
(5, 6) at a fixed temperature, or whether a specially 
continuous decomposition in-depth is used (7, 8, 9). The 
analysis in this research assumes the decomposition of the 
plastic ablator to occur spacially, and the temperature 
limits within the reaction zone is determined by the kine­
tics of the decomposition of the virgin material. The 
frequency factor, activation energy and the order of 
equations can be obtained from thermogravimetric analysis 
for particular materials of interest (1-4). In Figure 2-1 
a typical thermogravimetric curve is shown for a low density


































Figure 2-1. Typical Thermogravimetric Curve Relating the Maas 
Lobs as a Function of Temperature for a Phenolic- 
Nylon Resin (2). 00
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nylon-phenolic resin composite (2).
It is possible to calculate from this data the rate of 
pyrolysis gas generation The rate of mass loss of a
material is affected by the rate at which the temperature is 
increased (deg/sec); that is, the heating rate. The 
inaccuracies resulting from the effect that the heating rate 
has on the pyrolysis gas generation rate, Wg, can be elimina­
ted by the use of a kinetic expression of the form of 
Equation (2-1) below (1). This equation describes the rate 
of change of density, with time and is independent of the 
heating rate.
- p ^  ^  - (Pi - Ps)/pi,o)“^ ae-(Ei/RT)
^1,0 dt /
One approach to modeling the decos^osition of plastic 
composites has been presented by Kondo and co-workers (3). 
Their analysis assumes decomposition to occur specially 
rather them on a single pl«me. The authors state that this 
method of analysis should be used when the plastic material 
is made of different composites. They compaure their analy­
tical solutions with experimental data and report good 
correlation.
Another study of the decomposition process for plastic 
composites has been presented by Stroud (5, 6). In this 
investigation, the effects that kinetics, heat of pyrolysis, 
and surface recession velocity has on the reaction zone 
thickness, and the temperature range at which decomposition
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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of plastic occurs is examined. Kondo and co-workers (8), as 
mentioned, noticed also that the reaction zone thickness is 
affected by different paurameters. In aui attempt to simplify 
a very complex process Stroud (5, 6) studies, in addition, 
the assumption that the decomposition of plastic composites 
could occur at a single plane. His analysis shows that this 
simplification is usually valid for one reacting species and 
is considered to be a good engineering approximation.
Another amalysis which considers decomposition reactions 
to occur over a finite region is that of Scala and Gilbert 
(9). Their analysis differs from that of Kondo et. (8) 
and Stroud (5, 6) in that the reaction zone thickness is 
assumed to be a constant. This is a drawback since this 
does not allow for the investigation of the effects of kine­
tics and heating rate on reaction zone thickness. Scala 
emd Gilbert (9) discuss, in addition, some of the difficul­
ties encountered by earlier investigators in describing 
the decomposition process accurately. They attributed the 
chief difficulty to an experimentally observed phenomena 
which showed that the mass generation rate, W^, varied 
widely at high heating rates. Better experimental techni­
ques and better correlation of experimental data (1, 2) 
seemed to have diminished some of the difficulties encoun­
tered by earlier investigators. An equation of the form of 
(2-1) was suggested by Friedman (9) to eliminate the 
uncertainties of the mass generation term caused by high 
heating rates.
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Since decomposition in-depth is an important ingredient 
in the analysis of the ablation process, the work of Stroud 
(5, 6) and Kondo and co-workers (8) are reviewed in this 
chapter in detail. The work of Stroud (5, 6) is important 
because it determines and examines the important parameters 
which affect decomposition and reaction zone thickness. It 
is significant, in addition, because it attempts to simpli­
fy a very complex process, that of the decomposition of 
plastic composites, with the assumption that decomposition 
occurs at a single plane, and shows under which conditions 
this simplification holds.
The work of Kondo and co-workers (8) is also important 
in that they establish the necessity of considering decom­
position to occur over a finite region and they examine, as 
in the case of Stroud (5, 6), the important variables that 
affect reaction zone thickness. The work of Stroud (5, 6) 
is presented in the following section.
Study of the Chemical Reaction Zone in Charring Ablators 
and the Reaction Plane Approximation During Thermal De­
gradation by Stroud .
The work (5, 6) was a systematic approach of studying 
and establishing the important variables that affect the 
theoretical treatment of the thermal decomposition of 
plastic ablative composites. In addition, the validity of 
the approximation of describing decomposition of the plastic 
as taking place in a single reaction plane was studied.
This was found to be a good engineering approximation for
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one reacting species. The analysis with its assumptions 
is presented, and the results are summarized below.
The energy flow in the ablative heat shield on a large 
body entering the atmosphere is approximately one-dimen­
sional, and therefore the energy equation for a chemically 
reacting solid was approximated by Stroud (5, 6) as;
c
W .c_  3T  =  a ( k ,  3 T )
^i,g 5y W   ̂̂  (2-2)
The above equation carries the assumption that the kinetic 
energy term can be neglected since it is three orders of 
magnitude smaller than the combined effects of the chemical 
and thermal energy terms. In addition the pressure was 
assumed to remain constant throughout the material because 
of the high permeability of chars. The author reasoned 
that "in practice, materials which form chars of low per­
meability and low strength would not be used due to the 
danger of internal pressure blowing off periodically and 
thus reducing the efficiency of the material" (5).
From the continuity equation
7 * pu = - a_£ (2-3)
at
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where û is the velocity vector for the pyrolysis gases, 
and, therefore, for one-dimensional flow it becomes:
ap = - aw (2-4)
5t
Substitution of Equation (2-4) into (2-2) results in:
C
i=l 'Pi,8 ft fy
^Pi,9 It ,
(2-5)
Notice that the number of gas components is numerically 
equal to the number of solid components in the ablator.
This stems from the assumption made (5, 6) that each solid 
component degrades to a single gas species.
By assuming a quasi-steady state, that is, one in 
which the total mass flux of the system is constsmt, Stroud 
was able to eliminate the time dependence of the equation 
by using the following transformation:
y = y - vt
where v is the surface recession velocity. Therefore, after 
the transformation is performed Equation (2-5) becomes:
k + z(Cp Wi ar - V ap. ah. +
= 3 F  i=l i'9 ay ^
v p .  C_ at ) = 0 (2-6)
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It should be noted that the assumption of constant 
thermal conductivity is valid only over a short tempera­
ture range, since the term dk/dT cam become appreciable 
at higher temperatures. In our research the restric­
tion of constant thermal conductivity was not made.
Stroud (5, 6) further simplified the energy equa­
tion by assuming that the specific heats of all 
constituents were the same, and from the quasi-steady 
assumption:
c
W = vp_ - vZ p- (2-7)
i=l
where is the density of the virgin composite before 
degradation. Equation (2-6) was put into the form:
,  c
kgd^T Z (-vdpi + ^o 0 (2-8)
By integrating Equation (2-8) once, evaluating the constant








+ T-Tq = 0 (2-9)
1,3
To obtain p^ as a function of the temperature T, and the 
dimensionless distance, n, an Arrhenius type relation of 
the form shown below was used;
3 . = _ p, n A.e“ Ei/RT (2-10)
dt ^
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where is a dimensionless density of the form:
Pi Pi (2-11)
Pi/O
which expresses the ratio of the density of the composite 
i at an instant of time with respect to the original density 
pĵ Q , of the virgin material. is the frequency factor 
of the reaction and n, the order of the reaction.
It is worthwhile to note at this point, that Stroud 
(5, 6) assumed that the degradation of each composite i can 
be described by a single kinetic expression. However, it 
should be noted that this is not true in most cases. For 
phenolic-nylon and for other composites as well, more than 
one Arrhenius expression is necessary to describe the de­
composition kinetics (1, 2).
From the continuity equation we have:
= - V âPi (2-12)
“3t ^
cind using the previous definition of n we have that Equation
(2-12) becomes:
^  v2 dpi (2-13)dt
ks
which when substituted into Equation (2-10) gives:
Ü 1  = kg (2-14)
an  -------2  ̂ ^
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which expresses the change of the dimensionless density 
/ with the dimensionless distance, n«
Two expressions were obtained by integrating Equation 
(2-14). One for n ^ 1 and was shown to be;








The other was for a reaction of order one; i.e., n=l, and 
was shown to be:
-E^/RT
Pi = exp •dn (2-16)
n=o
At this point in his development Stroud (6) simplified his 
analysis by considering only that one degradation reaction 
was taking place. For this case, the following transfor­
mation was found to be convenient.
9 = RT 
£
(2-17)
Applying this transformation to Equation (2-9) a 
dimensionless form of the energy equation was obtained.
dO + n (1-p) + 0 ^^o = 0
an Ë Cp c  —
(2-18)
where Q, is the initial density of the only reactable 
species present.
Equations (2-15), or (2-16) and Equation (2-18) were
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solved simultaneously by numerical techniques to determine 
the value of temperature as function of distance in the 
ablation material. The numerical scheme used, as reported 
by Stroud (6), consisted of first holding the value of the 
temperature constant in the density equation and integrating 
the equation over a small increment of distance. Then, 
the density was held constant at its calculated value in 
Equation (2-18) while this differential equation was solved 
over a small spacial increment.
Stroud (6) solved the energy equation for a number of 
different conditions by varying such parameters as the 
frequency factor, the activation energy, the heat of pyro­
lysis, the surface recession rate and the order of the 
reaction, and studied the effect that these parameters had 
on such things as the temperature profile reaction zone 
thickness and the reaction plane approximation. In Figure 
(2-2) the local density through the reaction zone is shown 
as a function of distance for two different values of the 
frequency factor. The curves shown were obtained for first- 
order reactions. These curves were arbitrarily translated 
so that they would coincide when 50% of the degradable 
plastic had decomposed.
The reaction plane approximation is also shown. The 
char thickness was determined by considering that the char 
recession rate and the linear velocity of the reaction 
zone were the same. The thickness of the reaction zone was 
arbitrarily defined as the distance between the point at









Virgin MaterialChar Layer Reaction Zone
Distance, n (nun)
Figure 2-2, Variation of the Density Profile 
of the Virgin Plastic Through the 
Polymer Reaction Zone with Frequency 
Factor, as Reported by Stroud (6),
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which the local density reached a value of 98 percent amd 
the point at which it reached 2 percent of the original 
density of the reactable species. In the example shown by 
Stroud (6) 80 percent of the material was reactable. The 
two values of the frequency factor used in Figure 2-2 were 
said to be typical of a number of ablation materials. An 
increase in the frequency factor from 10® sec“  ̂to 10^2 sec"l 
produces a decrease in the reaction zone thickness of about 
50 percent, from 2.1 mm to 1.6 ram. This seems reasonable 
to expect since a higher frequency factor implies a greater 
degradation rate and, therefore, a shorter time for degra­
dation with a corresponding smaller reaction zone thickness. 
Tie two values of the frequency factor shown are said to be 
typical of a number of ablative materials.
Figure 2-3 exhibits the effects of surface recession 
velocity on reaction zone thickness for two values of the 
heat of pyrolysis. The curves were calculated for first 
order reactions and a frequency factor of 10^^ sec A 
recession velocity of 25 micrometers per second (um/s) was 
said to be representative of those obtained for charring 
ablators presently known. The curves of Figure 2-3 show 
that surface recession velocity has a greater impact than 
heat of pyrolysis on reaction zone thickness. The reason 
why the reaction zone thickness decreases with increasing 
surface recession velocity is that the greater the surface 
recession velocity, the greater the temperature gradient 
across the reaction zone. This steep temperature gradient




































SURFACE RECESSION RATE ym/e
Figure 2-3. Effect of Surface Recession 
Velocity and Heat of Pyrolysis 
on Reacting Zone Thickness (5, 6),
wo
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causes the plastic to degrade rapidly thus reducing the time 
of reaction and hence, the thickness of the reaction zone.
It appears that if the reaction zone thickness decreases 
with increasing surface recession velocity, the reaction 
plane approximation is asymptotically approached as the 
surface recession velocity increases. And therefore, 
the reaction plane approximation becomes more accurate the 
higher the surface recession velocity. An increase in the 
heat of pyrolysis produces a decrease in the thickness of 
the reaction zone. However, the size of the change of the 
reaction zone thickness is not as great as with the surface 
recession velocity.
Figure 2-4 illustrates the effect of activation energy. 
It demonstrates that the reaction zone thickness is practi­
cally independent of activation energy. "These results 
lead to an important conclusion regarding the effects of 
the frequency factor on ablative performance. The thickness 
of the reaction zone is controlled almost entirely by the 
frequency factor, whereas the pyrolysis temperature is 
strongly influenced by activation energy" (6). Activation 
energy and frequency factors have been shown to affect 
pyrolysis in different ways, hence a unique value of each 
must be found if accurate results are required.
Stroud (6) proceeded to define, what he called, the 
"median temperature of reaction" as that temperature at 
which 50 percent of the reactable material has been degra­
ded. By using the median temperature definition, to get
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Effect of Activation Energy on Reaction 
Zone Thickness (5,6),
wto
that point in space where the degradation reactions were 
supposed to take place in a plane, he was able to obtain 
correlations for the mass generation rate for reactions of 
order one-half, one and two. These are shown below:
2Ag -
w1/2 = (P^- Po)
kgA f 0.7+2.  . e"| 2(0.955) 2TÔ1 _ ).955 0m)j
x,s




for second order reaction:
w_ = -Po> -V
_i’l.7+1.8AHf |2Tô .5-4'5-y ' 12(0.945 0m) 
(2-21)
where the dimensionless median temperature 1/0 is obtained 
by using the equations shown below. These equations were 
developed by Stroud (6) and are: for a half order reaction:
1 = -0.7 + 0.955 In A - 2.2 AH
3;
for a first-order reaction:




and for a second order reaction;
1 = - 1.70 + 0.945 In A - 1.8 AH
0.m
(2-22C)
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Equations (2-19), (2-20) and (2-21) hold when 
0 <_ AH _< 0.5 
10® ^ A _< 10^5
Equation (2-19), (2-20) and (2-21) give the mass flow 
rates of pyrolysis gases for the reaction plane approxima­
tion for one reactable species. These flow rates locate 
the reaction plane at the median point in the reaction zone 
as was shown in Figure 2-2. Thus, it was shown that the 
rate of pyrolysis is a function of thermophysical data 
which can be readily obtained from thermogravimetric ana­
lysis. The correlations derived by Stroud (6) are only 
valid for one reactable species, and of course for high 
surface recession velocities. The author did not present 
a study, nor did he speculate on what possible effects 
more than one reactable species would have in his analysis 
of the reaction plane approximation. However, he did show 
a comparison between the reaction plane approximation and 
the more complicated in-depth analysis for the case of one 
reactable species. This is illustrated in Figure 2-5. For 
each frequency factor shovm, the temperature distribution 
obtained with the reaction plane approximation is close to 
that obtained with the more complicated in-depth analysis. 
This agreement, as stated by the author, illustrates the 
accuracy that is possible to achieve using the reaction 
plane approximation when quasi-steady conditions exist.
Several conclusions were drawn by Stroud (6) from 
studying and solving the equations for a wide range of
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quasi-steady state conditions. These were; 1) The tempera­
ture distribution in the ablation material is strongly 
dependent on the heat of pyrolysis; 2) Since activation 
energy and frequency factors have different effects of 
pyrolysis, it is necessary to obtain unique and accurate 
values for each of these parameters; 3) The total mass 
flow of pyrolysis and the median temperature can be 
correlated on the basis of the Arrhenius formula; 4) The 
reaction plane approximation, which incorporates the 
Arrhenius pyrolysis temperature, gave satisfactory agree­
ment with reaction in-depth analyses and with experiments 
for one reactable species.
The contributions of Stroud's studies (5, 6) have been 
to define those conditions under which the reaction plane 
approximation can be used for one degrading species 
without loss of accuracy. In addition, his studies have 
shown the critical effect that decomposition kinetics have 
on the accurate description of the ablation process. This 
indicates the necessity of obtaining unique and accurate 
values for the frequency factor and activation energy of 
the degradation process. In the following section the work 
of Kondo and co-workers (8) is discussed.
An Analysis of Steady State Ablation of Charring Materials 
by Kondo, Fujiwara and Matsomuto
Physical Model; The work of Kondo, e^. al. (8) is a 
one-dimensional, steady-state, ablation analysis where the 
thermal decomposition reaction in the charring material is
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treated separately from the aerothermochemistry of the 
flow adjacent to the surface and the gas injection from 
the surface of the solid material. The study "is restric­
ted to the analysis of the pyrolysis reaction in the 
charring material". (8). The material is considered to 
consist of three chemically different zones, namely, 
virgin material (solid), pyrolysis zone (solid and gas) and 
the char layer (solid and gas). In Figure 2-6 these three 
zones are illustrated. The pyrolysis zone regression 
velocity is assumed to be equal to the surface recession 
of the char. The recession of the char layer is assumed 
to be caused by three mechanisms: (1) Char layer being
compressed by stagnation high pressure, (2) Char being 
consumed by the reaction of the pyrolysis gases with the 
carbonaceous char, and (3) by heterogenous reactions with 
the gas on the surface.
Basic Assumptions of Rondo’s et. al. Analysis: Before 
introducing the basic equations of the analysis we shall 
summarize some of their basic important assumptions:
1) One -dimensional analysis. That is, the heat 
flow and gas flow were assumed normal to the ablating 
surface.
2) Quasi-steady analysis. Thus the recession veloci­
ty, V ,  is constant.
3) The pyrolysis reaction is a simple chemical 
reaction which changed the plastic material into gases plus



























Figure 2-6, A Schematic Diagram of the Three 
Chemically Distinct Zones Used by 
Kondo et, al, (8) in Their Analysis 




4) Thermal equilibrium between the gas and solid was 
assumed.
5) The assumption of constant physical properties 
across the reaction zone was used.
6) The viscocity of the gas was neglected in the 
energy equation.
7) The thickness of the ablating material was consi­
dered to be large in comparison with the width of the char 
layer or pyrolysis layer. Therefore, the virgin material 
was assumed to be located at the infinite distance.
It is pertinent to comment at this point on some of 
the above assumptions since they relate directly to the 
analysis proposed in our research. The assumption of 
thermal equilibrium is acceptable. Clark (16) found in his 
experimental studies with simulated chars that this was a 
fair approximation of what actually occurs during the 
ablation process. April (19) in his experimental work 
found in addition, that there was less than 200° F between 
simulated pyrolysis gases entering a char and the carbo­
naceous matrix. This temperature difference was measured 
approximately 1/4" away from the back surface of the char 
before the gases entered it. The assumption of thermal 
equilibrium allows in addition a simplification of the model 
by not having to consider the energy transfer between the 
gas and the solid matrix. The decomposition of the virgin 
material is assumed to be described by a simple Arrhenius
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formula. As was mentioned before, this approach tends to 
maüce the kinetics independent of the heating rate at which 
they were obtained. This approach has been used also by 
Stroud (5, 6), Scala and Gilbert (9) and others (10, 84,
85). In this research the Arrhenius expression is also 
used. However, a more complicated model of seven kinetic 
reactions is used. Kondo and co-workers (8) neglect the 
viscosity of the gases and, therefore, assumed that viscuous 
effects on the energy equation are negligible. In Chapter 
III this assumption is shown to be realistic for this type 
of analysis. On the other hand, their assumption of 
constant physical properties is not accurate. The tempera­
ture difference that typical char forming ablators could 
experience during reentry is of the order of 4000°F to 
5000°F. Over this temperature range change in physical cind 
thermodynamic properties is significant.
Fundamental Equations; The coordinates used by Kondo 
et. al. (8) are shown in Figure 2-7. The y axis is 
coincident with the reverse direction of reaction which 
extends from zero to The origin is taken at the initial
position of the solid surface at y=0. The equation of 
continuity for the solid material was shown to be:
-E/RT
a (p- a) = - p a A (e -a) (2-23)
5T ®

























Figure 2-7, Illustration of the Coordinate Used by 
Kondo et. al* (S), Where the y Axis is 
Coinciïïênt“17ith the Reverse Direction 
of Reaction, Whick extends From 0 to 
- Infinity and Where the Origin is Taken 





o = e I - 00 (2-24)
The equation of continuity for the pyrolysis gases is:
3 {p (1-a) } + 3 {p u (1-a) } = p a A (e 




where "a" is an effective cross sectional area of the solid 
material in the pyrolysis zone. It is defined as "the ratio 
between the density of char at the surface and that of the 
virgin material, since the density of char crushed into 
powders equals to that of virgin material according to the 
experimental results. 'a' changes to 1 on the boundary of 
the virgin material". (8).
The equation of motion is:




and the energy equation is:
3
3y 3T + k- (1-a) 3T - 3^9 ^ 3y 9yj 9y
-Pg A Q (e
-E/RT
I]■ W
+ It Cp,s ^ + It
(2-27)
The first bracketed term on the left hand side expresses 
the increase in thermal energy by heat conduction. The 
second term on the left hand side represents the thermal 
energy absorbed by the pyrolysis gases due to convection.
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The right hand side of the equation represents the energy 
change by pyrolysis reaction (first term) and by non­
steady effect (last two terms).
Finally;
P = 1 p RT (2-28)
vhich is the ideal gas equation of state. Equations (2-23) 
and (2-25) to (2-28) are the fundamental relationships used 
to solve for the system of five unknowns. P, Pg, T, a and
Coordinate Transformation: Kondo, et. al. (8) took
advantage of their quasi-steady assumption and performed a 
coordinate transformation, v, the regression velocity was 
assumed constant and therefore, the coordinate transforma­
tion is:
X  = y + V  t (2-29)
which means that the coordinate system moves with the 
regression velocity of the pyrolysis zone.
Performing this transformation the equation of conti­
nuity for the solid becomes:
(a v) = - a A (e - a) (-30)
dx
and that for the gas:
-E/RT
â_ {pg (1-a) (v+u )} =Pg a A (e -a) (2-31)
dx
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The equation of motion becomes:
Pg (Ug + V) awg = - dP (2-32)
dx dx
and finally the energy equation is transformed to: 
t.,a..g kg
(X-a) -Pg V Cp,g a) II +{Pg Ug C^ g %  -Pg V Cp_3 ||}T
' - ^ ( -1 1 ,2.33,
Combining Equations (2-30) and (2-31), integrating 
and evaluating the constant of integration, Kondo, et. al. 
(8) obtained the following equation:
Pg Ug = v(pg - Pg) (2-34)
Since Pg »  pg Equation (2-34) becomes:
Pg ^g = P.s ^ (2-35)
The authors assumed that since Ug and v are small in 
comparison with the sound velocity, the pressure P can be 
considered constant. Moreover, the authors assumed that 
kg << kg, which is generally the case. By neglecting 
and substituting Equation (2-35) into (2-33), the 
energy equation was shown to be; 
d^T
+ {ka — T - Û V C _ „ (1-al - o_ V C a} dx
da dTa as? ( g Pg p,g ) Ps g ) %% +
da -E/RT
Ps V âE (Cp,g " Cp,g) T = -Q Pg a A (e -a)
(2-36)
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Equations (2-30) and (2-36) with boundary conditions; 
/dT\T = Tg = given at x = 0
(2-37)
~ ~ Pçhar at x = 0
Ps
and
T = T_gg and a = 1 a t x = - ® °  (2-38)
There are four boundary conditions for the first and
second order differential Equations (2-30) and (2-36) invol­
ving two unknowns T(x) and a(x). Therefore, the regression 
velocity v was determined as an eigen-value of the 
eqiations (8)
Non-Dimensional Equations: Kondo and co-workers (8)
found it convenient to non-dimensionalize Equations (2-30) 
and (2-36) by defining the following non-dimensional 
groups.
Y = (2-39)
Q* = Q/Cp^g T.«, (2-40)
0 = T/T_= (2-41)
0Q= To/T_« (2-42)
E* = E/RT_oo (2-43)
x/L = Ç (2-44)
3 = AL/ve ^ (2-45)
In addition the author chose to define a characteris-
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tÊ area = kg/(a Cp^g Pg e ^*/0q ).
Substitution of the above terms in Equation (2-30) 
results in
^*/®Q -E*/0da = - g a e (e **ot) (2-46)
El­
and into (2-37) results in a dimensional form of the 
energy equation which is:
dç2 g a
E*/G —E*/0 E*/0_ —E*/0
(y-1) e (e -a) G + Q* e (e -a) = 0
(2-47)
while the new boundary conditions are:
a = a , 0 = 0_ or 0 - = given at Ç = oo d§o
and
a = 1/ Q* = 1 at Ç = -00
Equations (2-46) and (2-47) were solved numerically 
for the above boundary conditions. The value of the para­
meters Y=1.0, E*=3.0, a.Q=23, and T_*=300°K were used in 
the numerical solution and were said to be typical of 
phenolic resin composites (8).
Numerical Solution: Equation (2-46) and (2-47) have a 
family of solutions depending on the value of B and
(d0/ d%)^ respectively. However, there is a unique value
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of B that satisfies the condition that at Ç = a=l.
The solid line in Figure 2-8 shows this solution, which 
the authors choose to call a:OK. The dotted line repre­
sents a solution for which the value of B does not satisfy 
the final of a=l. Similarly, there is a unique value of 
(d0/d^) which satisfies the condition that at Ç= -<», 0=1. 
Figure 2-9 illustrates the correct solution, line 0:OK.
The dotted line is a solution which does not satisfy the 
final value of 0=1. This type of final value problem is 
usually solved by trial and error. However, Kondo, et. al. 
(3) choose to solve graphically for these values of B and 
(d0/dÇ)^. This graphical solution is illustrated in 
Figure 2-10. The curve a;OK is the locus of the points 
corresponding to the values (d0/dÇ)^ and B to get the 
solution a (Ç), which satisfies the boundary conditions 
for a. The curve 0:OK indicates the combination of (d0/du)Q 
and B which gives the solution 0 ($) which satisfies the 
boundary conditions for 0. Therefore, the intersection of 
these two curves determine the appropriate values of 
(d0/dÇ)^ and 6 which satisfy simultaneously both equations.
In Figure 2-11 it is shown that the thermal decompo­
sition process takes place over a finite region. Note 
that da/dÇ given by Equation (2-46) is the non-dimensional 
expression of the decomposition process. As stated by 
Kondo, et. al. (8) many researchers have assumed that the 
pyrolysis reactions occur at the surface of the "heat 
conducting region" (which is the virgin material) and have





Figure 2-8, Kondo*s (8) Technique for 
Searching for a Unique 
Value of a.






Figure 2-9, Kendo's (8) Technique for 
Searching for a Unique Value 
of 0 .









Figure 2-10, Illustration of Kondo’s (8)
Technique for Determining the Eigen­
values for the Equation Describing 
the In Depth Response of Ablative 
Composites.
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Figure 2-11. Illustration of the Dimensionless Decomposition 
Rate Behavior at a Value of 0 =0.6 as calculated
by Kondo (8) for a dimensionless distance Ç. cn
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neglected the depth of the pyrolysis reaction as is shown in 
Figure 2-11. This, the authors claimed, is inadequate.
The effect of the change in the non-dimensional 
temperature, 0 ,̂ on the temperature profile 0, is illus­
trated in Figure 2-12.
In summary, the ablation analysis of Kondo and co­
workers (8) is for a one-dimensional ablation model. The 
most significant contribution of their analysis is to have 
indicated the importance of considering decomposition in 
depth to take place in a final region of space. However, 
their assumption of constant physical properties is 
considered to be a serious limitation in the analysis. In 
addition, the assumption that phenolic resin decomposition 
is described by a single Arrhenius expression is inadequate. 
As has been indicated before, several pseudo-order kinetic 
expressions of the Arrhenius type are required to 
adequately describe decomposition of phenolic nylon resin 
composites (1 , 2).
In the following sections typical transient response 
analyses along with a summary of related work of flow in 
the char zone are discussed. This summary is given to 
support our mathematical analysis and to justify some of 
the assumptions made. We refer to the work of April (19) 
for a more detailed discussion of the subject of transpira­
tion cooling, carbon deposition and related areas.
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Figure 2-12.
Ç (dimensionless distance)
Behavior of Dimensionless Temperature Profile 
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Transient Analyses to Describe the Response of Thermal 
Protection Systems
The need for the accurate description of the thermal 
response of ablative composites is required to insure a 
safe design for thermal protection of reentering space 
vehicles. The necessity is also dictated by the desirabi­
lity of reducing expensive ground testing to a minimum. 
Although these facilities have improved over the years, 
aü the complex interactions of the shock heated gas and 
the ablative heat shield are not easy to simulate in these 
ground test facilities (55, 93-99). Therefore, accurate 
and realistic mathematical analyses are needed to 
effectively predict the thermal response of ablative 
composites under a wide variety of external flow field 
conditions.
Almost all major aerospace companies and governmental 
agencies interested in ablative heating have analyses of 
the transient response of thermal protective systems. The 
literature on this subject is abundant. Lapple and 
co-workers (106) have compiled over 525 references on the 
area of ablation of related topics. More recently Penner 
and Olfe (87) in their chapter on ablation, have more than 
thirty references on major aspects of the ablation process, 
for both charring and non-charring materials. To try to 
cover just a small percentage of these references would be 
a difficult and time consuming task without contributing 
much insight into the analysis proposed in this research.
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Moreover, April (19) has written a detailed review on 
some of the most important work in transpiration cooling 
êind has an extensive list of references on the more 
important aspects of the ablative process. In addition to 
the three previously mentioned references, there are some 
important review articles on the topic of ablation which 
have extensive bibliographies on the subject (100-106).
For these reasons, it would be considered repetitious to 
go over this material which has been thoroughly covered 
in other places. Rather it is best to devote a brief 
discussion to what we consider to be four important and 
typical transient ablation analyses. These are those of: 
Sweuin, et. al. (58) , Kendall, et. al. (51, 53) and Kratch, 
et. al. (83), and Clark (111). In addition we will 
summarize in a later section some of the research done on 
flow of pyrolysis gases through porous chars and related 
areas.
The ablative êuialysis of Swann, et. al. (58) is a 
one-dimensional analysis of the transient response of 
plastic composites. The thermal response of materials was 
described with as many as three different layers, and the 
first two could have moving boundaries. The coupling of 
the flow field to the ablative surface was done by means of 
an energy balance. This energy balance was performed at 
the char surface, where the convective heating rate was 
computed using either a linear or quadratic approximation 
to the blocking effectiveness for a laminar boundary layer.
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The cold-wall convective heating rate and the radiant 
heating rate incident on the surface were specified func­
tions of time. These values were used as inputs in their 
numerical solution. The surface removal mechanisms were 
considered to be vaporization at the sublimation tempera­
ture, cind diffusion and/or reaction controlled oxidation 
of the carbon at the surface.
The energy equation for the one-dimensional, non­
steady flow of pyrolysis gases in the char zone was given 
as:
o w ^O 51c
S/g H  (2-48)
The term in brackets has been labeled the reacting gas
n
heat capacity. In this bracketed term, E H,R. accounts
j=l : ]
for the heat effects of chemical reactions. When the flow
is frozen, that is, no chemical reactions take place, the 
n
term I H. R. equals zero. However, when there are
j=l  ̂ 3
chemical reactions, this term is non-zero. This type of 
analysis is used to predict the transient one-dimensional 
thermal performance of charring ablator heat protection 
system when exposed to a hyperthermal environment.
The analysis of Kendall, (51-53) is a transient
one-dimensional analysis of the coupled, laminar, chemically 
reacting, boundary layer to the ablative surface.
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The boundary layer solution was related to the shock layer 
by specifying edge boundary conditions. Similarly, the 
boundary layer solution was related to the transient res­
ponse of the ablative composite by surface conditions.
Four options were available to couple the laminar, 
chemically-reacting, boundary layer to tlie char surface. 
These included specifying 1) wall enthalpy, 2) mass flux of 
each gas species as they entered the char zone, 3) equili­
brium mass flux at the surface or 4)coupled mass and energy 
balance at the wall as provided by a transient charring 
conduction solution.
The one-dimensional in-depth analysis considered that 
the decomposition of the virgin material could be described 
by means of an equilibrium analysis; that is, the 
decomposition reactions were in chemical equilibria. The 
assumption of chemical equilibrium between the pyrolysis 
gases and the char, results in an overprediction of carbon 
deposition. To avoid this problem Kendall and co-workers 
(51-53) assumed that no carbon deposition occurred, and 
that only gas phase reactions took place. A modified form 
of Darcy’s Law was used to calculate the pressure drop 
across the char layer.
The analysis of Kratsch, et. al. (83) was a one­
dimensional, transient analysis of the coupled mass and 
energy balance in char forming ablative composites. 
Depolymerization of the plastic ablative composite was 
modeled by an Arrhenius type kinetic expression obtained
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from thermogravimetric data. The receding surface boundary 
conditions and the convective and radiative heating were 
specified input functions to the numerical calculations.
In addition, chemical errosion of the surface was specified. 
The in-depth analysis of the char layer considered the 
pyrolysis gas products to be in thermo-chemical equilibrium. 
However, the assumption of chemical equilibrium between 
the pyrolysis gas and the char, as previously mentioned, 
results in an over prediction of carbon deposition. To 
avoid this problem only gas phase reactions are considered 
and the amount of carbon was empirically adjusted to that 
found by experiments.
This work was one of the first attempts to describe 
a rather complex system with an analysis that was not res­
tricted to simplifications of frozen flow, constant 
physical properties, or omitted heat absorption terms.
Another work that treats the complex physico-chemical 
phenomena of a charring ablator is that of Clark (111). 
Clark’s work parallels that of the already mentioned work 
of Swann (58) , but Clark expands the mathematical treat­
ment by taking into account, in more detail, various 
thermal, chemical and mass transfer processes present in 
ablation. Clark’s work is distinctive from that of Swann 
mainly in three respects. One is a detailed chemical 
kinetic treatment of the pyrolysis gases in the char. The 
other is a method of describing mass deposition in the 
char. Finally, and most important, is the complexity of
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taking into account thermal non-equilibrium effects 
between the pyrolysis gases amd the char. One interesting 
observation is that Clark uses Stroud's (5/ 6) reaction 
plane approximation to take into account the thermal de­
composition process of plastic composites. His stated 
reason is that such an assunç>tion was necessary to provide 
a second boundary condition for the gas-momentum conserva­
tion equation. What Clark surprisingly fails to mention 
is that the reaction plane approximation to describe the 
decomposition of the virgin plastic is valid only when it 
can be described by one reactable species. This point is 
stressed because Clark's numerical examples concern 
phenolic-nylon which we know Ccui be described by at least 
seven degradation reactions. We know from the work of 
Stroud that the higher the surface recession velocity, 
the better is the reaction plane approximation. However, 
as we mentioned before, Stroud did not quantify this 
velocity, neither did he speculate as to how good his 
reaction plane approximation would be for those materials 
such as phenolic-nylon, where more than one reactable 
species is present. Clark is not clear either in this 
respect. Nowhere in the text of his work was he explicit 
about the limitations of the reaction plane approximation, 
although we have to assume that he was aware of them.
In summary, Clark's analysis has the following 
salient features:
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1) One-dimensional transient.
2) Multilayer system (char layer, uncharred layer 
and insulation layer.
3) Intersection of the external surface with the 
boundary layer by taking into account surface 
oxidation, sublimation eind mechanical erosion.
4) Homogenous and heterogenous chemical reactions 
within the char layer which account for mass 
deposition.
5) Thermal non-equilibrium between the char layer 
and the pyrolysis gases.
6) Reaction plane approximation to account for 
decomposition of uncharred layer.
Cleurk's work was very thorough and extensive. He 
studied in detail the various thermal, chemical and mass 
transfer phenomena in the ablative process. His analysis 
predicts that the overall performance for a low density 
phenolic-nylon is 16 percent greater than the performance 
calculated by the analysis of Swann (58). Clark attributes 
this difference in predicted performance to the considera­
tion of char layer deposition in his analysis.
Although Clark does not state the actual CPU time 
required to solve his model, he does state that the compu­
ter solutions are time consuming. The objective of his 
program was to develop the capability of analyzing 
ablation systems will all the complicating factors already 
mentioned to provide guidance in selecting the most
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important effects. In this way, he provided means of 
calibrating less complex analyses to account for those 
effects which are found to be significant.
The next section presents a summeury of previous 
research of flow in the char zone.
Summary of Previous Research of Flow in the Char Zone
One of the most recent studies of flow in the chsur 
zone was done by April (19). His mathematical analysis 
consisted in a non-equilibrium, one-dimensional, steady 
flow model which accurately predicted the energy transfer 
in the char zone of a nylon-phenolic resin composite, for 
front surface temperatures of up to 3000®F. The important 
chemical reactions and kinetic data for a temperature 
range of 500°F to 3000°F, with experimental simulation to 
2300°F, were determined and incorporated into the mathema­
tical analysis. His analysis, in conjunction with 
experimental results obtained in a Char Zone Thermal 
Environment Simulator were used to show the shortcomings 
of the limiting cases of frozen and equilibrium flow 
analysis in predicting the true behavior within the char 
layer. Comparisons of the experimental data for low 
density phenolic-nylon chars were made with the results 
obtained using graphite as a simulated char. The non­
equilibrium flow analysis was used to accurately predict 
the energy transport in the graphite medium using the same 
important reactions and kinetic data developed for flow
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through chars. April (19) conducted studies to determine 
carbon deposition and decomposition product distribution 
for methane and phenol using carbon-14 tracers. Carbon 
deposition measurements within the char layers were used 
to locate the temperature where chemical reactions among 
the pyrolysis product became significant. In addition, 
oxidation of nylon-phenolic resin chars were studied 
to determine the rate of oxidation of the char with dis­
tance from the front surface. It was found that oxidation 
was taking place at all depths within the char; that is, 
reaction rate limited. This, however, is not surprising 
because it confirms results published by Scala (109). A 
graphical illustration is given in Figure 2-13. April's 
experimental data did not exceed 2300°F which falls outside 
the diffusion controlled regime as shown in Figure 2-13, 
and this is consistent with the results presented by 
Scala (109).
A considerable amount of information pertaining to 
the problem associated with the formulation of an accurate 
ablative analysis was discussed by April (19) or Scala 
(109). Others that have contributed to the understanding 
of the flow of gases through porous matrices have been 
Koh and del Casal (11, 12), Clark (16), and Weger and co­
workers (17, 18). These studies have been especially 
useful in evaluating the magnitude of the terms in the 
equation of change in the development of more accurate 
and realistic ablative analyses. For this reason the













Figure 2-13. Mass Transfer Regimes for Ablating 
Graphite After Scala (109).
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important conclusions and recommendations drawn from these 
authors will be summarized below.
Thermal Equilibrium Between the Gas and Char; It is 
important to determine the existence of thermal equilibrium 
since this can greatly reduce the complexity of the equa­
tions of change (11). If a small temperature difference 
exists between the gas and the solid matrix, it is likely 
that the effect on the energy transfer will be negligible. 
April (19) measured the temperature of the pyrolysis gases 
1/4 inch away from the back surface of the experimental 
char, and found the difference to be approximately 200*̂ F.
He reasoned, that by the time these pyrolysis gases would 
arrive at the back surface of the char the thermal gradient 
should be further reduced. Clark (16) reported differences 
of 200° R to 800°R at the midpoint of 0.021-0.33 feet thick
graphite and carbon matrices over a wide range of mass flux
2values, 0.018 to 0.07 lb/ft -sec. These large differences 
were the result of the initial gradient (2000°R-3000°R) 
between the gas and solid at the matrix back surface. This 
abnormally large gradient was produced by the resistance 
heating apparatus used to simulate high temperature re­
entry ( 4000°R). This however, is not representative of 
the conditions encountered on thé back surface of the char 
during reentry. Instead, the pyrolysis gas and char back 
surface temperatures are approximately equal to the plastic 
decomposition temperature ( 1500°R). Since no large
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initial gradient between the gas and solid phases exists 
this assumption should be valid.
Variable Physical Properties; The assumption of 
constant physical properties is only valid over a relative­
ly small temperature range. In ablative cooling where the 
temperature can exceed 3000°F changes in physical proper­
ties must be expected.
Koh and del Casal (11) noted significant differences 
in the results obtained between the constant and variable 
fluid physical properties model. Their findings were for 
solid matrices for porosities greater than 0.5. This was 
apparently attributed to the increasing importance of gas 
convective heat transfer effects in the high porous 
matrix. The only modes of energy transfer accounted for 
were gas convection and solid conduction. In ablative 
cooling using nylon-phenolic resin chars with porosities 
between 0.7 and 0.8, the gas convective term will be 
significant and hence, properties must be considered 
variables over the large temperature range.
With regard to the solid, or char properties, Weger, 
et. al. (17, 18) measured the change of char porosity 
and permiability when carbon deposition, or depletion 
occurred. They found these properties to have measurable 
changes. These results, however, were obtained for 
materials with porosities of 0.21 to 0.35. The effects of 
these changes on the pressure drop and energy transfer for
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high porosity (0.7-0.8) materials were not determined.
Until more pertinent data is obtained for high porous 
materials, the permiability and porosity have to be taken 
as constant in the analysis. This is a good approximation 
in any porous material where excessive carbon deposition 
or depletion does not occur.
Modified Form of Darcy's Law; This equation is used
to describe the momentum transfer for flow through porous
media. Darcy's empirical equation relates the fluid
velocity to the pressure drop within the porous media.
Weger, et. al. (17, 18) found that a modified form of
Darcy's Law gave a better prediction of the pressure drop
across porous materials. This modified form of the law had
an additional term which accounted for the inertial effects.
These effects become significant for mass fluxes exceeding 
2(0.01 lb/ft -sec). For ablative cooling mass fluxes can
2be as high as 0.05 lb/ft -sec. Hence, the modified form 
of Darcy's Law should be used.
Various Modes of Energy Absorption; In all the work 
reviewed in this chapter which dealt with the temperature 
distribution in porous media, gas convection and solid 
conduction were considered to be major modes of energy 
transfer within the char. Recently, the Southern Research 
Institute has investigated the effect of internal radiation 
as a mechanism of heat transfer (37). While admitting that 
this mechanism can be important it was difficult,
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experimentally, to separate this effect from others.
Therefore, they incorporated the radiation effect in the
thermal conductivity they reported.
Gas conduction in most cases was ignored. Koh and del
Casal (12) presented results which clearly defined when
gas conduction could be neglected. This occurred for
either high mass flow rates, or small temperature
differences across the porous material. At low flow rates 
2( 0.01 lb/ft -sec), or large temperature differences 
( 3000°F), energy absorption by gas conduction becomes 
important. Since these conditions are present in ablative
cooling, gas conduction must be taken into account in any 
realistic analysis. The effects of chemical reactions on 
the energy absorption and the physical properties of the 
material are discussed below.
Effects of Chemical Reactions: The various effects
that chemical reactions have on flow through porous media 
have been discussed by a number of authors (13, 16, 17, 18), 
Koh and del Casal (13) and Clark (16) considered chemical 
reactions as important modes of absorption, while Weger, 
et. al. (17, 18) used them to explain the changes in the
physical properties of the porous specimen due to carbon 
deposition or depletion. In any realistic analysis 
involving high temperature flows, chemical reactions must 
be considered. Clark (16) found in his studies of methane 
flow through porous carbon and graphite that there were
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three distinct chemically reacting zones. At low tempera­
tures, a frozen flow region where no significant chemical 
reactions occurred was observed. As the temperature in­
creased an intermediate region where chemical reactions 
were kinetically controlled was noted. Finally, the 
third distinct region was that in which reactions were in 
chemical equilibrium. It is likely that for more complex 
chemical systems, such as the pyrolysis products produced 
from the degradation of plastic composites, the gases 
would undergo a similar transition from frozen through 
non-equilibrium to equilibrium. Therefore, a non-equili­
brium flow analysis would be required to accurately 
predict the energy absorption within the char layer. Weger 
et. al. (18) also observed a non-equilibrium region where
the reactions were kinetically controlled.
We have established the importance of a non-equilibrium 
flow analysis as a pre-requisite to an accurate description 
of the energy transfer for ablative composites. Two 
important problems, however, remain to be discussed. One 
is the accurate description of the composition of the 
pyrolysis gases entering the char zone. The other is 
finding the important chemical reactions with thermodyna­
mically consistent kinetic data, that occur in the tempera­
ture range of interest. These will be discussed in the two 
remaining sections of this chapter.
Pyrolysis Gas Composition: In order to realistically
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describe the flow of pyrolysis gases through the char zone, 
and consequently, obtain an accurate prediction of the 
energy transfer, the pyrolysis gas composition must be 
accurately known. The current state of the knowledge 
precludes prediction of the products for decomposition 
reactions for even relatively simple polymers. Prediction 
of the pyrolysis products from a mixture of polymer, such 
as those contemplated for use in heat shields, is 
especially difficult and therefore must be determined 
experimentally. Reactions of the pyrolysis product among 
themselves and with the pyrolyzing resin further com­
plicates the analysis.
In all previous research to date, simplified gases 
(helium, methane, etc.) or gas mixtures (methane, carbon 
monoxide, hydrogen, etc.) were used. While these are 
part of the decomposition products, they do not constitute 
the entire product composition expected from the decomposi­
tion of phenolic-nylon plastic composites. Nelson (1) and 
Sykes (2) addressed themselves to the problem of identi­
fying the products of pyrolysis. April (19) used these 
studies concurrently with his own studies, and that of 
others to achieve an accurate description of the pyrolysis 
product stream composition entering the back surface of the 
char. A summary of April's (19) results along with 
additional findings of the product distribution is presen­
ted in Appendix F.
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Determination of the Important Chemical Reactions and 
Associated Reaction Kinetic Data: To describe the flow
of pyrolysis gases, and hence, to correctly predict the 
energy absorbed by chemical reactions it is essential that 
the important chemical reactions be established and the 
accurate kinetic data be determined for these reactions.
This is important, as previously mentioned, because 
chemical reactions do have a profound effect on the energy 
absorption. To achieve this goal, out of the chaotic state 
of the reaction kinetic data in the literature (107), it 
was necessary to devise orderly and systematic procedures 
to select, and properly screen the reactions and their 
corresponding kinetic data. A continuous search and 
screening technique has been used during this study to up­
date the reactions included in the analysis. Each reaction 
chosen must be based on the pyrolysis products composition 
initially present, plus the products produced by the further 
cracking of the pyrolysis gases.
More difficult than establishing the important chemical 
reactions is the task of locating accurate sources of 
kinetic data for the chosen reactions. Many times there is 
a total absence of kinetic data in the literature. Other 
times several sources of data appear, often, conflicting 
(108). In this research the kinetic data has been analyzed 
for consistency with thermodynamic principles. In addition 
the reverse reaction rate constants have been obtained by 
using the chemical equilibrium constant. The technique
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used to decide which reaction to include in the analysis 
and which data to use is discussed in Chapter V.
Summary
In this chapter a detailed presentation of two 
analyses describing the decomposition in-depth of plastic 
composites has been given. These analyses were those of 
Stroud (5, 6) and Kondo and co-workers (8). Stroud's 
analysis was mainly concerned with determining whether the 
assumption of a decomposition reaction taking place in a 
plane, could be considered a valid engineering approxima­
tion. He found that his reaction plane approximation would 
hold for a quasi-steady, one-dimensional flow of gases, 
where one species was considered reacting and where the 
surface recession velocity was high. Kondo and co-workers 
(8), on the other hand showed the importance of considering 
the decomposition reactions to take place in a finite 
region. As in the case with Stroud they considered only 
one degrading reaction to describe the decomposition of 
the plastic. Both analyses used an Arrhenius type expres­
sion to describe the kinetics of the decomposition process 
of the plastic. It was established that Arrhenius type 
expressions were independent of the heating rate and thus- 
suitable for these analyses where the heating rates could 
vary.
The transient analyses of Swann, et. a^. (58) , Kendall 
et. al. (51,53), Kratch, et. al. (83) and Clark (111), were
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briefly discussed. In addition, a brief summary of previous 
research of flow in the char zone was presented. These 
were the works of Koh and del Casal (11-13), Weger, et. al. 
(17, 18), and Clark (16), which showed the importance of 
considering chemical reactions as significant modes of 
energy transfer and as mechanisms which affect the physical 
properties of the flowing gases and the solid matrix. These 
and other considerations have been taken into account in 
the analysis for describing both decomposition in-depth and 
the flow of gases in the char zone, in this research. This 
will be shown in the next chapter.
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CHAPTER III
DEVELOPMENT OF THE MATHEMATICAL ANALYSIS FOR 
THE EVALUATION OF THE ENERGY TRANSFER IN 
THE DECOMPOSITION ZONE AND CHAR 
ZONE OF A CHARRING ABLATOR
Introduction
The previous mathematical analyses (1, 2) to pre­
dict the energy transfer in the char zone are handicapped 
by the limitation that the char zone depth has to be 
specified a priori. At the point selected as the inter­
face between the char and pyrolysis zones, it is necessary 
to specify the interface temperature, heat of pyrolysis, 
pyrolysis gas mass flux, and pyrolysis gas composition. 
However, physically there is not a sharp interface between 
the two regions since polymer degradation, pyrolysis gas 
generation and char formation occur over a rather wide 
temperature range. In fact, polymer degradation begins 
at about 200°C, and about 80 percent is pyrolysed at 475°C 
(3). At this temperature heat absorption by the pyrolysis 
gases is becoming significant as a result of changes in 
sensible enthalpy and chemical reactions. Consequently, 
the combined energy absorption must be predicted from 
considering both the polymer degradation and the gas-char 
interaction simultaneously.
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The pyrolysis products, formed by the thermal 
degradation of the plastic composite enter the char layer 
and transpire through the front surface of the char, at 
Z=L. A schematic diagram illustrates this in Figure 3-1. 
These gases entering from the decomposition zone experience 
a temperature increase as they flow through the porous char, 
and absorb heat by virtue of their own heat capacity 
and due to mostly endothermie chemical reactions. These 
endothermie reactions are due to the further cracking of 
the pyrolysis gases into lower molecular weight species. 
These species react with each other and with the carbon­
aceous char layer producing further endothermie reactions.
The description of the momentum, energy, and 
mass transfer equations for the combined decomposition- 
char zone analysis is obtained by simplification of the 
general equations of change [continuity, momentum and 
energy) to forms applicable to a chemically reacting flow 
(equilibrium and non-equilibrium), through the decomposition 
zone and char layer of a char forming ablator. Finally, 
typical boundary conditions are specified, followed by a 
discussion of the numerical solution of the equations.
Statement of the Problem
To predict the energy transferred in the combined 
decomposition-char zone the equations of change are written 
to apply to any point in the flow field. Using a quasi­
steady analysis, or steady state approximation, the point
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 3-1. A Sketch of the Virgin Plastic, 
Decomposition and Char Zone.
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of view is taken of an observer moving with the negative 
surface recession velocity, v .  This is illustrated in 
Figure 3-1 which shows schematically the mass fluxes of 
virgin plastic, pyrolysis gases and solid. The point at 
which thermal degradation of the plastic is initiated is 
taken to be that of Z=0.
The material balance relating the virgin plastic 
flow with the flow of pyrolysis gases and degrading solid 
in the combined decomposition-char zone as written by 
Stroud [4) is:
PgV = W + pv (3-1)
where W is the total mass flux, v is the surface recession 
velocity, and Pq and p are the virgin and degrading solid 
densities respectively. This assumes that the bulk volume 
of the char is the same as that of the virgin plastic, 
v.hich is generally the case.
Referring to Equation (3-1) for a known surface 
recession velocity and densities of the virgin and degrading 
composite, the gas mass flux can be computed. In addition, 
the composition of the gases generated by the decomposition 
of the virgin plastic composites must be known to be able 
to accurately predict the energy absorbed due to chemical 
reactions in the char zone. As illustrated in Figure 3-1,
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these pyrolysis products enter the char zone and exit 
through the front surface of the char, at Z=L. Changes in 
the mass flux of the various species within the char 
occur as a result of chemical reactions at finite reaction 
rates, Rj.
The particular restrictions and assumptions made 
in the formation of the combined zone analysis are pre­
sented and justified subsequently. The simplifications 
of the general equations of change resulting from these 
restrictions follow. Finally, the solutions of the re­
sulting equations for frozen (no chemical reactions) , 
equilibrium (calculated from thermodynamics) , and non­
equilibrium (calculated from reaction kinetics) flow are 
given.
Restrictions to the General Equations of Change for Flow 
in the Combined Decomposition-Char Zone
Several restrictions and assumptions are applied 
to simplify the general equations of change to reduce 
their complexities. In the subsequent discussion, these 
assumptions and restrictions are analyzed and justified.
Quasi-Steady and One Dimensional Flow of Pyrolysis 
Gases : The assumption of steady flow of the pyrolysis
gases is based on the fact that after a brief initial 
period of time the thickness of the char has been shown 
to remain constant. The data of Peters and Waddin (5) 
in Figure 3-2 for a 50 : SO weight ratio of nylon-phenolic
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Figure 3-2. Thickness of the Char and Virgin Plastic 
as a Function of Time (5).
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ablative composite, formed in a subsonic electric arc 
jet shows this graphically. This implies that the 
rate of formation of char, formed from the degradation 
products of the virgin material equals the rate of 
consumption of the char by air oxidation and/or mechanical 
erosion by the flow in the boundary layer. in addition, 
to this, the quasi-steady analysis is justifiable because 
the residence time of a fluid particle of pyrolysis gas 
is small (less than 0.01 seconds) when compared to the 
rate of change of the char surface.
The one dimensional assumption is easily 
justified since the radii of curvature of reentering 
spacecrafts (e.g.. Mercury, Gemini, and Apollo) are large 
(about 5 to 8 feet) in compaiison with the char thickness 
( rv/1/4 of an inch) and as such, the flow is one dimension­
al and normal to the front surface.
Pyrolysis Products Behave as a Perfect Gas Mixture: 
The assumption that the pyrolysis products behave as a 
perfect gas mixture implies that the equations of state 
for ideal gases are applicable. This is a realistic 
assumption considering the high temperatures (1500-6000°F), 
and low pressures (<^1 atm) encountered in planetary 
reentry by blunt body vehicles. However, it also implies 
that the heat capacity is that of a real gas and hence, a 
function of temperature. In Table 3-1 the values of the 
compressibility factor, Z, are presented for some of the
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most important constituents of the pyrolysis gases. The 
temperature at which Z has been calculated is 450°K. This 
temperature is the lowest at which the pyrolysis gases 
are formed. It is also the temperature at which degradation 
of the plastic is initiated. T^ and P̂. are the critical 
temperature and pressure, and T^ and P^ are the reduced 
temperature and pressure for the respective gases. As is 
shown in Table 3-1 all of the compressibility factors 
are greater than 0.995; which justifies the assumption of 
ideality.
Virgin Material, Char and Gas Physical Properties: 
Because of the existence of a large temperature gradient 
from the front surface of the char layer to the virgin 
material, physical property variations with temperature 
must be considered. Variations with temperature of the 
virgin material's thermal conductivity is accounted for. 
Thermal conductivity variations with temperature have 
been reported by Wilson (5), Engelke and Nagler (7).
For the char, the porosity change with temperature is 
not accounted for due to a lack of experimental data on 
the subject. The value of the porosity is thus kept con­
stant throughout the analysis. The thermal conductivity 
variations with temperature of the virgin material, the 
pyrolysis gases and the char are taken into consideration 
in the analysis. The data used is that reported by the 
Southern Research Institute (6j and the Jet Propulsion
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
34
Laboratory (7) of the California Institute of Technology. 
These data were fitted empirically and are presented in 
Appendix C.
Thermal Equilibrium Between the Pyrolysis Gas 
Products and the Char: The temperature gradient between
the pyrolysis gas products and the porous carbon matrix 
is assumed to be small. This is supported by data pre­
sented by Koh and del Casal (8) in which they showed a 
maximum temperature difference of 300^F for the flow of 
air and helium through packed beds of spheres. The maxi­
mum temperature of the matrix was 2700°F.
Clark (9) also addressed himself to the problem 
of quantitatively determining the existence of a thermal 
gradient. He reported differences of 200 to 800°R between 
the gas and the porous matrix over a wide range of mass 
fluxes, 0.018 to 0.07 lbs/ft^ sec. In this particular 
investigation thermal non-equilibrium between the gas and 
solid is primarily caused by the resistance heating 
method for achieving temperatures between 3000°R and 4000°R. 
In ablative heat protection applications the gas flowing 
from the pyrolysis zone into the char layer is at the 
local char temperature, and the abnormally large tempera­
ture difference characteristic of the resistence heating 
apparatus is non-existent. Therefore, the assumption of 
thermal equilibrium between the gas and char in ablative
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
95
cooling should be a very good approximation to the real 
behavior.
Momentum Transfer in the Char Zone: The modified
form of Darcy’s Law was used to determine the pressuee 
drop across the char layer. This was based on the work 
of Weger e_t al. (10) . It was shown in this work that the 
inclusion of an inertial term gave a more accurate 
prediction of the experimental pressure drop for values 
of the mass flux of the order of 0.05 Ib/ft^-sec.
PV Work and Viscous Dissipation: The pressure
drop across one quarter inch thick, low density nylon- 
phenolic resin char was experiementally determined by 
April (2) which.showed it to be approximately 15 lbs/ft 
for a pyrolysis gas mass flux of 0.05 lb/ft -sec and a 
front surface termpature of 2000°F. In addition, he 
computed the PV work contribution to the energy transport 
equation and showed it to be 1.2 BTU/ft^sec. This was 
compared to the convective energy term, evaluated at the 
back surface where the temperature was small, and was 
shown to be 1000 BTU/ft^-sec for a gradient of 
approximately 40,000°F/ft and an average heat capacity 
of 0.5 BTU/lb-Op. This clearly demonstrated that the PV 
work term in the energy equation was negligible. Since 
the velocity (-^5 ft/sec) and the viscocity 0.05 cp) 
of the gas mixture is small, the energy generated by
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viscous dissipation can be neglected also and the term 
omitted from the energy equation. This allows for the 
uncoupling of the momentum and energy equation. Thus 
simplifying considerably the numerical solution of the 
problem.
Diffusional Transport: Energy, or mass transport
by diffusion, is negligibly small in comparison with the 
bulk fluid transport. The average residence time of a 
gas particle in a one-quarter inch thick char layer is 
0.01 seconds for a mass flux of 0.05 Ib/ft^-sec.
Derivation of the Equations of Change for Flow in 
the Combined Decomposition-Char Zone?
The application of the above restriction to the 
general equations for flow of the pyrolysis gases in the 
combined decomposition-char zone is now discussed.
Specie Continuity Equation: Referring to Figure
3-1 the specie's continuity equation for the ith component 
of a gas mixture for flow through a porous medium is (11):
^  - Pi (V-ÏÏ) - (V-Ji) + Ri (3-2)
.here is the concentration, Ji, the mass flux by 
diffusion, Ri, the rate of generation of chemical specie i 
and Ü is the velocity of the pyrolysis products within 
the pores.
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For a steady, one dimensional flow of gases, 
neglecting mass transport by diffusion. Equation (3-2) 
reduces to:
3I (Piu) = Ri (3-3)
Assuming that the pyrolysis gases do not lose or 
gain any mass by reaction. Equation (3-3) becomes, summing 
over all the gas species:
Ï  ïïi" ^̂ i  ̂ (3-4)i=l
However, if the pyrolysis gases lose weight due 
to carbon deposition. Equation (3-4) becomes:
I ïïf (Pi " ‘^c (3-3)i=l
where is the amount of carbon deposition. If we de­
fine Wp as the mass flux of pyrolysis gases based on the 
cross-sectional area of voids in the char (units of 
Ibs/ft^yQ^^g-sec) we can say that:
dWg n d
~ L l  ^  = "^c (3-6)
Equation (3-6) says that any change of the mass 
flux of pyrolysis gases is due to the loss of carbon.
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Momentum Equation; The momentum equation for flow 
through porous media was formulated by H. P. G. Darcy in 
1856 (8). Darcy observed during experiments with a one 
dimensional packed bed that gas velocity at any point in 
the bed was directly proportional and in the same direction 
to the pressure gradient at that point. In vector notation, 
including the effect of body forces when considering a 
vertical flow direction, Darcy's Law is:
Ü = - * (VP - pg) (3-7)
Applying this equation to a one-dimensional, horizontal 
flow through a porous char layer and solving for the 
pressure gradient gives:
- ^ (uc) (3-8)
This equation is valid at low gas flow velocities 
within the porous medium. However, at high gas velocities 
it is necessary to add a term to account for the inertial 
effects. This additional term leads to a modified form 
of Darcy's Law:
^  ^  (ue) + 6p (uc)2 (3-9)
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Multiplying both sides of Equation (3-9) by the 
gas density, p, followed by substitution of the ideal gas 
equation of state (p = PM^/RT) on the left hand side of 
the Equation (3-9), results in Equation (3-10):
d P■rT' 3T  ̂ P (p/Y) Cue) + Bp^ (ue): (3-10)
If we define W as the total mass flux of pyrolysis 
gases based on the total area, we have that:
W = eWp = epu (3-11)
therefore substitution of Equation (3-11) into Equation 
(3-10) results after rearrangement:
- PdP = ^  [(y/y) w + B (W):] (5-12)
Integration of Equation (3-12) between the front 
surface pressure (P = P^ at Z = L) and any point within 
the char layer, (P at Z), results in an integral equation 
for the pressure distribution over the char.
P = {Pl^ + ZR [/(y/Y) W (T/M„)dz + / 6 (T/MJ (W)= dzÜ} 
z z
(3-13)
In this equation all parameters that vary with 
temperature (hence, char distance) are left under the
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integral signs. These variations are calculated by- 
polynomials in temperature and from the solution of the 
energy equation.
Energy Equation. To formulate the equation that 
describes the energy transfer in the combined decomposi­
tion-char zone, the energy equations for the gas and 
for the solid are written separately. They are later 
combined considering that the gas and solid are at the 
same temperature at any cross section in the flow; that 
is in thermal equilibrium.
The general form of the energy equation for a gas 
mixture containing n species is (11):
T̂'T'       __ ■'1_____ _
pC nr = - (9-q) - (T:7o) * I (Ji-gj) *
P i+1
Hi [(f.Ii) - Rll (3-14)
/P,Xi 4=1
For a one dimensional steady flow of gases in the 
combined zones, neglecting viscous dissipation, work 
against gravity and diffusional effects, compared to the 
heat transferred by -'onduction, convection and chemical 
reactions. Equation (3-14) becomes:
P S  = - a l  (qz) ^ >'1
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For an ideal gas g " is one (11). Further­
more, the work by pressure forces across a high porous 
char can be neglected as has been shown in the previous 
section and Equation (3-15) simplifies to;
4  (qz) - I Hi Ri (3-16)dz dz i=i
where is, from Fourier's Law of heat conduction:
Hz = -
The energy equation for a reacting gas flow
through a porous media follows directly from multiplying 
Equation (3-16) by the porosity e and by substituting 
the definition of Equation (3-11) and Equation (3-17) 
into Equation (3-16) and is:
-̂ P § =  '3# 3#) - ' ! «i ''i£ i = l
where  ̂ p 'Cp ^  is the convective term 
(kg ^  ) is the conduction term
n
ej Ri accounts for the thermal effects of the
i=l
gaseous chemical reactions.
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Similarly, the energy equation for the solid in 
the combined decomposition-char zone simplified for the 
same restrictions to the following form:
'' §  = Cl-e) si (k, ||} - Cl-e) Ri - q(T)
where (3-19)
(1-e) ^ ^  is the convective term
(1-e) ^  (kg ^ ^  is the conductive term 
1
(1-e) ]] Hi Ri accounts for the thermal effects 
i=n+l
due to chemical reactions of the 
char.
q(T) accounts for the thermal effects due to degradation 
of polymer.
The q(T) function for this research has been 
obtained from data reported by Sykes (12) for important 
phenolic-nylon and silicone elastomers heat shield 
components. Typical curves reported by Sykes for 
phenolic micro-balloons, phenolic resin and nylon are 
shown in Figure 3-3.
The total energy transferred in the combined 
decomposition-char zone is formed by adding Equations 
(3-18) and (3-19) and by using the definition of W of 
Equation (3-11):









68 KI 'Kg 290 Kf /Kg
PHENOLIC
MICROBALLOCNS
380 K | / K g
AT = 0
46 Ki / K g
800700500 600400300100 200
TEMPERATURE, ° C
Figure 5-3. Differential Thermal Analysis 
Thermogram of Nylon, Phenolic 
and Phenolic Microhalloons as 
Reported by Sykes and Nelson, 
(3).
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[e Cp Wp + (1-0 Cp̂  ÇV] II = ^  (^e ÏÏI ̂  ■
1
I Hi Ri + q(T) (3-20)
i=l
where kg represents an effective thermal 
conductivity defined as:
ke = E kg + (1-e) k^ (3-21)
ICg is the thermal conductivity of the flowing pyrolysis
gases and k that of the solid matrix.
 ̂ 1 
In addition the term % Hi Ri is defined as:
i=l
1 _ n 1
I Hi Ri = I Hi Ri 4- (1-e) I H R. (3-22)
i=l i=l i=n+l i ^
The above represents the energy absorbed by the 
chemical reactions on a "total volume" basis. The 
solution of the energy equation, Equation (3-20), gives 
the temperature distribution in the combined decomposition 
char zone.
In addition to the equations of change just 
developed, one additional equation is considered. This 
is the equation for the net heat absorption within the 
combined zones.
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Heat Flux Equation. The heat flux equation is 
used to determine the net heat transfer to the char 
layer and decomposition zone in the charring ablator.
It is defined as the difference in the heat flux values 
at Z=0 located in the virgin material, and that of the 
front surface of the char, at Z=L, and is:
*̂ net *̂0
Û1




dTSolving for ' HT term of the energy equation. 
Equation (3-20), substituting it into Equation (3-23) 
and integrating gives the equation needed to evaluate 




Wp dT + (1-E) I Cp^ Pg V dTi'
To
Tl _ Td




dT • dT (3-24)
Tq is the temperature at Z=0, Tp is the maximum 
temperature of the decomposition zone, and Tp is the 
temperature at Z=L.
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If we define Q as:
Td





SNET ■ J 4_̂  ̂Si’S ■" J "“Ps




dT/dz • dT + Q (3-26)
To
where the first term of Equation (3-26) represents the 
heat absorbed due to the sensible enthalpy change of the 
gases. The second term accounts for the sensible 
enthalpy change of the solids. The subsequent term 
accounts for the heat absorbed by the chemical reactions. 
This term is calculated under three chemically distinct 
flow conditions. One is frozen in which case the term 
is zero. A second is equilibrium, in which the rate of 
heat absorption is calculated by considering the species 
to be in chemical equilibrium, and, the third is
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
107
non-equilibrium in which this rate is calculated considering 
the species to be reacting at a finite rate. The finite 
rate or non-equilibrium analysis is the most difficult 
to implement for several reasons. One is the problem 
of selecting the important chemical reactions with 
which to model the chemically reacting flow system.
A second difficulty is the evaluation of the wealth 
of kinetic data for the important chemical reaction, 
and the selection of that data which will most typically 
represent a chosen reaction.
Of the two reacting flow analyses, the non­
equilibrium flow is more complex than the chemical 
equilibrium analysis. The latter involves the solution 
of a set of algebraic equations with the energy equation, 
while the former requires the solution of the energy 
equation with coupled, ordinary non-linear differential 
equations which are the species continuity equations.
There is sometimes associated with the solution of 
ordinary differential equations, with widely separated 
eigen values, a phenomena called stiffness. This 
phenomena is present in chemically reacting flow systems 
where very fast reactions occur. A more thorough 
discussion of this problem is presented in Chapter V, 
and it will be shown how this phenomena can cause 
numerical instabilities and require the integration step
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size to be very small. Finally, Q, the last term in 
Equation (3-26) is the rate of heat absorbed in the 
pyrolysis of decomposition zone, and was defined by 
Equation (3-25) .
A summary of the important differential equations 
for describing the energy transferred in the 
decomposition zone and char zone is given in Table 3-2.
In the following sections the boundary conditions and 
the numerical solution of these equations are discussed 
which will complete the theoretical discussion of the 
combined zone analysis.
Boundary Conditions for the Solution of the Energy 
and Species Continuity Equations in the Combined 
Decomposition Zone and Char Layer
The energy equation describing the one dimensional 
flow of heat in the decomposition zone and the char 
layer of a charring ablator is a second order, non­
linear differential equation with variable co­
efficients. The energy equation is coupled to the species 
continuity equations which are first order differential 
equations. The momentum equation, as previously 
mentioned, was uncoupled from the energy equation 
because PV work was negligible.
April (2), who solved the energy equation for 
the char layer only, considered two sets of boundary 
conditions. The first set specified the temperature













Species Continuity Equation: (3-3)
d (p.u) = R. 









Momentum Equation Darcy's Law: (3-13)
L LP = {P£ + 2R• M/Y W(T/M^)dz +  ̂ B(T/M^) (W) dz^ }
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Energy Equation: (3-20)
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at the front surface, and, the temperature and 
pyrolysis gas composition at the back surface of the 
char. These conditions made the solution of the energy 
equation a two point boundary value problem which 
required an iterative procedure. A second set of 
boundary conditions specified the temperature, 
composition and back surface heat flux and made this 
an initial value problem. For both the initial and 
final value problems the thickness of the char was 
considered to be 1/4 inch. The pyrolysis gas mass 
flux, W, in addition, was considered a parameter 
and was varied between 0.01 and 0.05 (Ibm/ft^ - sec).
In the present analysis the two point boundary 
value problem was not considered. Rather than 
specifying, in addition to the back surface boundary 
conditions, the char thickness and the front surface 
temperature, the thickness of the char was allowed to 
be determined by the front surface temperature. The 
front surface temperature was a parameter in the 
solution and thus eliminated the necessity for an 
iterative solution. Not only does this simplify the 
problem but it eliminates, in addition, some of the 
artificiality associated with fixing the thickness 
of the char.
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In this analysis the back surface temperature, 
the back surface heat flux and the composition of the 
plastic composite were specified. Unfortunately, the 
current state of the art precludes prediction of the 
composition of the pyrolysis product from a known 
combination of plastic composites. Therefore, it was 
necessary to specify, in addition, the pyrolysis gas 
composition. How this composition was arrived at is 
discussed in Appendix G. The boundary conditions 
selected were therefore:




%i = %i O' i " 1 ' • • ' ^
Once the energy equation is solved, the 
momentum equation is solved by specifying the front 
surface pressure. Because the pressure drop is small 
('IS lbs/ft^), the assumption of constant pressure in 
the solution of the energy equation can be considered 
valid.
The computer program implementation for the 
combined char layer and decomposition in depth is 
presented in detail in Appendix A together with a 
complete listing of the program.
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As mentioned in the Introduction, this research 
deals with the development of a mathematical analysis 
to predict the energy transfer for the combined 
decomposition zone and char layer. In addition, it 
deals with developing the analysis for the char zone 
to 5500°F. Decomposition in depth is now analyzed, 
and this is followed by a brief description of the 
application of the transport equations to frozen, 
equilibrium and non-equilibrium flow in the combined 
zones.
Analysis of Decomposition in Depth. It was 
previously stated that the previous mathematical analysis 
(2, 12) to predict the energy transfer in the char 
zone is handicapped by the arbitrary separation of the 
decomposition zone and char layer. This analysis was 
useful in bounding the energy absorption in the char 
zone. However, the energy transferred in the two 
zones can be predicted accurately by a combined 
analysis of both the decomposition zone and char zone.
A schematic diagram was shown in Figure 3-1 for 
the quasi-steady model with the combined zones. The 
point of view was taken of an observer moving with the 
negative surface recession velocity, v. It was shown 
by a simple material balance (Equation (3-1)) that by 
knowing the density of the virgin and degrading materials.
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the mass flux W of the gases could be calculated. This 
differs from the previous analysis (2, 12) where the 
mass flux of pyrolysis gases, W, was a specified 
parameter at the back surface of the char. The present 
analysis also differs in that the thickness of the char 
is treated as a variable rather than a specified para­
meter.
The analysis of decomposition in depth requires 
that the rate of mass loss, or rate of density change 
with temperature be known accurately. Data for the 
densities of virgin and degrading composites as a 
function of temperature have been reported by Sykes and 
Nelson (3) and Madorski (14). The data of Sykes and 
Nelson (3) is particularly useful since it is for 
phenolic-nylon resins; this data was obtained using 
thermogravimetric analyses techniques. In Chapter II, 
the importance of using a kinetic equation of the Arrhenius 
type to correlate the experimental mass loss rate data 
for polymers, was discussed. It was indicated in this 
chapter that the mass loss of a material was 
affected by the heating rate, and that this effect was 
a source of difficulties for earlier researchers 
modeling the decomposition process. Sykes and Nelson 
(3) used a pseudo-order kinetic expression of the 
Arrhenius type to eliminate this influence. The equation 
is :
i
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= Pi,o [(Pi - Pc,i)/Pi,ol Gxp [-Ei/RT]
(3-28)
Equation (3-28) expresses the rate of change of 
density of a polymer with temperature. Pi^o the 
initial or virgin density. is the density of the
material at temp-rature T, the residual or char
density, and and Ej are the well known frequency 
factor and activation energy parameters.
In the present mathematical analysis it has been 
assumed that when an ablative composite degrades, it 
degrades independently nf the other components; that 
is, no interaction is assumed to occur among the 
composites. There is no known experimental data, at 
least to the author, that takes into account these 
interactive effects. Therefore, of necessity, this 
simplifying assumption has been made. This is 
expressed mathematically:
1 = 1
and for a quasi-steady flow the time dependent term can 
be modified by:
Ê2. -  Û2. (3-30)dt dz
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Thus, knowing the kinetic parameters for the 
various components in a blend of virgin material, 
specifying the surface recession velocity, and the 
temperature history from the energy equation, the 
variation in density of the virgin material can be 
predicted by the use of Equations (3-28), (3-29) and 
(3-30). The pyrolysis gas mass flux is then calculated 
by Equation (3-1) .
Application of the Transport Equations to Frozen, 
Equilibrium, and Non-Equilibrium Elow of Gases 
in the Combined Decomposition Char Zone
There are two limiting cases currently used to 
simplify the analysis of the flow of pyrolysis gases. 
These are frozen and equilibrium flow. Frozen flow 
considers that there are no chemical reactions among the 
pyrolysis gases and thus, gives a lower bound of the 
energy absorbed by these gases in the combined 
decomposition-char zone. Equilibrium flow, on the 
other hand, assumes that there are chemical reactions 
which are in chemical equilibrium. This case gives 
the upper limit on the energy absorbed by the pyrolysis 
gases.
The correct answer, however, lies between these 
two limiting cases. A major portion of this research 
has dealt with the development of a third analysis, 
a non-equilibrium flow analysis which predicts more
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accurately the actual behavior within the decomposition- 
char zone. In this section the equations of continuity, 
momentum, energy and surface heat transfer are 
applied to develop each of the three flow analyses.
In the two subsequent chapters the solution of the 
particular equations for each analysis is shown and 
compared with each other.
Frozen Flow. In the frozen flow analysis the 
pyrolysis products entering the char layer are assumed 
not to undergo chemical reactions. Therefore, the 
composition of these gases remain constant throughout.
The only energy absorbed by the gases is convective 
energy. This energy is absorbed as the gases transpire 
through the char. This analysis gives the lower limit 
on the amount of energy absorbed in the combined 
zones since it does not account for the heat absorbed 
by endothermie chemical reactions. Of all three cases, 
this is the simplest to solve because the heat absorption 
term due to chemical reaction is zero. This is:
1
I Hi Ri = 0 (3-31)
i=l
which simplifies the energy and heat flux equations. 
Applying this to the equations of change previously 
developed results in the following simplifications:
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Continuity Equation:
W = Wp £ = epu = constant (3-11)
Momentum Equation: 
f 2 LP = {P; + 2R .[ ; (u/y) W (T/Mw) dz
Z
L 1/2
+ J B (T/Mw) w2 dz] } (3-13)
Energy Equation:






BT “ I J   ̂"'P S i  %i dT + q (T) (3-33)
To
The numerical solution of these equations is 
discussed in a later section.
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Equilibrium Flow. The equilibrium flow analysis 
assumes that the chemical species are in thermochemical 
equilibrium. This analysis gives the upper limit on the 
amount of heat absorbed in the combined zones. The 
reason is that reactions occurring both in the 
decomposition and char zone are predominantly endothermie. 
The set of equations which are applicable to this 
analysis is the same as the equations previously developed: 
Continuity (3-11), momentum (3-13), energy (3-20) and 
heat flux (3-24). But in this case:
1
I  H; R, f 0 (3-34)
i=l
The species continuity equation, (3-2), can be 
rewritten in terms of the molal flux of the species, 
and is:
= 3z (ou) = 3T (W Xi) ^  (3-35)
1
Therefore, in order to evaluate the term  ̂ Rj
i=l
which accounts for the heat absorbed by the reactions, the 
mass flux W, and the mass fraction x^ of the species must 
be known as a function of temperature. The species 
composition and molal ratio of gases to carbon are a 
function of temperature, pressure and elemental composition
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of the virgin plastic and can be calculated by one of 
many approaches (see Chapter IV). In this study free 
energy minimization is used.
Non-Equilibrium Flow. This analysis is the most 
complex of the three. It involves the solution of a 
second-order, non-linear differential equation with 
variable coefficient (the energy equation), coupled to 
n (where n is the number of species) ordinary, non­
linear, differential equations (species continuity equations 
For the chemical equilibrium case, on the other hand, a 
set of non-linear algebraic equations were solved coupled 
to the energy equation. Numerically, this is a much 
simpler problem.
For the non-equilibrium analysis the rate of 
reaction Rj is calculated using finite rate chemistry.
This requires knowledge of the specific reactions taking 
place, and also requires evaluation of the kinetic data 
for particular reactions chosen. The topic of kinetic 
data evaluation is covered in Appendix D. Once the rate 
of reaction, R^, of each specie is calculated, the heat 
absorbed by the chemical reaction is treated in the same 
manner as was in the chemical equilibrium analysis case.
The numerical solution of the energy equation, which is 
the subject of the next section, is essentially the 
same for both analyses.
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Numerical Solution of the Equations of Change
It was shown earlier in the chapter that to 
formulate the differential equations to describe the energy 
transfer in the combined zones, the continuity and energy 
equations, for the gas and solids, were written separately. 
Then these equations were combined by considering that 
there were no thermal gradients between them; the 
result was Equation (3-20):
[e Cp Wp + (l-c) Cp % v] 3Y = 31 C^e j
1
- I  Hi Ri + q(T) (3-20)
i=l
This equation is an ordinary, second order, 
non-linear (since the terms within the brackets are 
functions of temperature) differential equation with 
variable coefficient. This type of equation requires 
a numerical integration scheme because there are no 
known analytical solutions for this type of non-linear 
equation. A fourth order Runge-Kutta formulae was used 
because of the accuracy and straight forward nature of 
the self starting method.
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Numerical Solution of the Differential Energy 
Equation
To solve Equation (3-20) it is necessary to 
transform the equation to a form suitable for numerical 
integration. This is done by expanding Equation (3-20) 
and solving for the second order term. The result is:
^  [e Cp W . (1-0 %  p V - % ] .  g
1 _ dT
+ I  Hi Ri/(dT/dZ) + q/(dT/dZ)]- J z (3-36)
i = l
Equation (3-36) has the form:
^  = f (T, f) g  (3-37)
Where A represents the terms within the bracket of
Equation (3-36) divided by the effective thermal
conductivity, kg. Notice that A is a function of both
temperature T and the gradient T (= ^ ) .dZ
A commonly employed procedure for the Runge- 
Kutta is to convert the second order Equation (3-37) 
into two first order equations to be solved simultaneously 
(16). The procedure is as follows:
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Let
dTT = ^  (3-38)
Substituting the above in Equation (3-37) gives:
gj = f(T) (3-39)
Solving Equations 3-38 and 3-39 simultaneously 
gives the wanted solution. A summary of these equations 
is given in Table 3-3.
The general formulae, as they apply to the 
solution of the differential energy equation is given 
in Table 3-4. The truncation error of this technique 
is of the order O(h^) where h is the step size (16).
Note that the term f(T,T) of Equation (3-36) 
has an implicit dependence on the mole flux of each 
specie i. This implicit dependence is in the term 
1
I  Pli Rĵ . Therefore, the species continuity equation 
i=l
must be solved simultaneously with the energy equation 
when reactions occur in the flow field.
Check Procedure. The Runge-Kutta computer 
implemented solution was checked by numerically solving 
Equation (3-37) with f, constant, and comparing it to 
the analytically exact solution of the equation.
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TABLE 3-3. Conversion of a Second Order Differential
Equation to the Equivalent set of Two First 
Order Differential Equations.
2
diz ° F Z  C3-37)
which decomposes into two first order equations 
shown below:
^  = T = G(T) (3-38)
fIT • •= f(T)= F(T,T) (3-39)
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TABLE 3-4. General Formulation for the Evaluation of 
the Runge-Kutta Parameters for the 
Simultaneous Solution of Two First Order 
Differential Equations (16).
"̂ N+T + (Bl + 2 ®3) + B4)/6 (3-40)
["X+I = 4 M (Ĉ  + 2 (C? + C3) + C4)/6 (3-41)
= h'G(T)
= h ' F ( T , T )
B2 = h G ( T +1 Cl)
C2 = h F ( T+1 B}, T + 1 Cl) (3-42)
• 1B3 = h G(T+i C2)
C3 = h F(T+1 T + 1 C2)
B 4  = h  G (T+C3)
C4 = h F ( T + B 3 ,  T+C3)
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This comparison is shown in Table 3-5 for different 
step sizes.
Numerical Solutions of the Heat Flux and 
Momentum Equations
The solution of the heat flux and momentum 
equations are obtained after the temperature profile 
has been established, i.e., the energy equation has 
been solved. The momentum equation was uncoupled from 
the energy equation, as previously explained, because 
the energy dissipated by PV work was considered small 
when compared to the energies by convection and 
chemical reactions. The equations for the heat flux and 
pressure are first order, integral equations with 
variable coefficient.
The heat flux equation is:
Tl Tdn
%NET 1 =  1
T. T,
- L U
= Î J e  Wp Cp. Xj dT ♦ J  q(T) dT
o
' t l  ^
The first term in the equation is the heat 
absorbed by convection in the combined decomposition- 
char zone. The second term is that absorbed by the 
polymer degradation in the decomposition zone. Note
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TABLE 3-5. Comparison of the Fourth Order Runge-Kutta
Solution With the Analytical Solution of 
2
= A ^  for 100 Integration Steps.
Numerical Analytical Distance
I of T of Z
500 .0 500.0 0
920 .7 920.7 0.1
1385 .6 1385.6 0.2
1845.7 1845.7 0.3







T .  . = 500°F initial
dT
dZ = 1000 
Z=0
1.0
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that the integration limits are from to Where Tn
is the temperature at which all of the virgin material 
has been degraded to gases and char. The last term
accounts for the heat absorbed by chemical reactions.
The pressure equation is:
f 2 L
P = jP, + 2R [ iCu/Y) W (T/Mw) dZC L z
L -
+ s  6 (T/M;̂ 0 w2 dZ] J (3-44)
Equation (3-44) was integrated using Simpson’s Rule. 
The general formula for the Simpson's Rule analysis is 
(23):
f a z  . Y [fo * 4 (fl + f; + - - - + fzn-l)
+ 2 (fz + f, . . . » fzn-2 * fznl ' f" (3-45)
where f^ is the truncation error.
In terms of the pressure distribution equation, 
the Simpson’s Rule functions are:
j f p  dZ = J(u/Y) W (T/M%) dZ (3-46)
jfp. dZ = J b (T/M^) dZ (3-47)
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A study on the value of the step size h that 
would minimize the truncation error and maximize the 
accuracy of the approximate solution was done by April 
(2). A comparison of his results for various step 
sizes is given in Table 3-6.
Summary of the Theoretical Development of the 
Equations of Change for Plow in tne Combined 
Decomposition Char Zone
The importance of considering both the 
decomposition zone and char layer as important heat 
absorbing regions was presented. The Equations of 
change (continuity momentum and energy) were developed 
to describe the flow of gases and to predict the energy 
transfer in the combined regions. These equations 
were developed for three flow conditions. Namely 
frozen, equilibrium, and non-equilibrium flow.
The method of determining the effects of the latter 
two flow conditions was presented. In addition, the 
equations to describe the degradation kinetics of the 
virgin material were discussed. Finally, the numerical 
procedure was discussed, along with the comparison to 
verify the accuracy of the computer implemented solution,
The following two chapters. Chapter IV and V 
will discuss the methods used to calculate chemical 
equilibrium and non-equilibrium chemistry, respectively.















TABLE 3-6 Comparison of various Simpson's rule Increment sizes for 
the frozen flow, variable properties moc'el. (2).
pDlmensionless Pressure (lb/ft )
char distance Simpson's Rule Increment Sizes
(z/L)_________ 20   50 100 200
0.00 2175.5921 2175.5918 2175.5913 2175.5912
0.33 2173.4147 2173.4144 2173.4139 2173.4138
0.6? 2168.7373 2168.7368 2168.7364 2173.7364
1.00 2160.0000 2160.0000 2160.0000 2160.0000
2J Conditions: W = 0.O5 lb/ft -sec L = 0.0208 ft £ = 0.8
g Gas Composition: (Mole/Mole Gas)
I CO = 0.245, COg = 0.046, CH^ = O.57O, Mg = 0.073, = O.O68
roso
1 3 '
•Although the development of the chemical equilibrium 
analysis (Chapter IV) will appear to be more difficult 
than for non-equilibrium analysis (Chapter V), the 
computer implemented solution of the latter has given 
severe numerical difficulties which will be thoroughly 
discussed.
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A general method for computing complex chemical 
equilibrium in a multicomponent, polyphase system is 
presented in detail (1, 2). This method, called the 
Chemical Equilibrium Analysis, is a modified version of 
the RAND method, which is also known as free energy 
minimization. It was originally presented by White, 
Johnson and Dantzig (3) for computing complex chemical 
equilibrium for an ideal gas system. It was subsequently 
extended to multiphase systems by Hubert and Stephanou 
(4) and others (5-7). In addition to this discussion 
of the method, brief comparisons with some other well 
known methods (8 , 9, 10) for computing chemical 
equilibrium are presented. These comparisons will 
justify the choice of free energy minimization as a 
more flexible and easier method to implement on a 
machine for highly complex chemical systems.
The literature on the computation of complex 
chemical equilibrium is so extensive that it would 
detract from the main purpose of this chapter to review
133
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all of it especially since a very extensive and well 
documented review on the historical development of 
chemical equilibrium was published recently by Zeleznik 
and Gordon (11, 12). A more modest undertaking was 
presented by del Valle et al. (13). At the end of 
the chapter, comments will be made on some of the other 
publications (16-66) which are available for solving 
the nonlinear chemical equilibrium equation. It will 
be realized that all these techniques are but minor 
variations of the most general methods (3, 8, 9, 10).
It should be noted that the solution of the chemical 
equilibrium problems can be categorized either as 
the solution of a system of non-linear equation by 
the functional iteration method, i.e., equilibrium 
constant formulation (8, 9) or, as the direct 
minimization of the Gibbs free energy by descent 
method (3, 10). In this chapter the latter method is 
developed.
Condition for Chemical Equilibrium
The condition for chemical equilibrium in any 
reacting system at constant temperature and pressure 
is that the change in free energy of the reactions 
must be zero (14). Stated another way, the sum of 
the free energies of the individual components, i.e. 
the total free energy of the system, shall be a
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minimum. A negative free energy may be considered 
as a driving force which causes a reaction to approach 
equilibrium. It can also be considered to be a 
measure of the departure of the reacting system from 
an equilibrium state. Thus, it is through this 
departure and hence, through its minimization that 
chemical equilibrium is calculated.
Stochiometric Balance
The law of the conservation of mass requires 
that for a chemically reacting system with no nuclear 
reactions that the chemical elements be conserved 
regardless of the number of phases being present at 
equilibrium. The stochiometric relation can be 
expressed as:
n 1
I  a;^ X: + % aij xi = bj j = 1--- m (4-1)
i=l i=n+l
where a^j is the formula number giving the amount of gram-
atoms of the jTh chemical element in the i"th species.
The moles of each specie present in the system is denoted 
by xf. The gram-atoms of each element j is denoted by 
bj. The number of gaseous chemical species is n, and 
the number of condensed species is denoted by n+1 to j.
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Conservation of Charge
When ionization is present in a system, the 
conservation of charge can be expressed in a form 
similar to Equation (4-1). Thus:
where â  ̂ is the charge on the i^^ specie, X| is 
'm+1
the number of moles of each specie, and b^^^ is zero, if 
the system is electrically neutral. Thus if we 
consider a charge as the m + 1 element we can use an 
equation of the form of Equation (4-1).
The Equation of Free Energy
It was previously stated that one of the 
conditions for chemical equilibrium was that the 
total free energy of the system be a minimum. To 
minimize the free energy an appropriate expression 
of this function is necessary. At equilibrium, the 
free energy of each specie in a mixture at any 
temperature T can be obtained by integrating the 
definition of fugacity (14) in terms of the free 
energy (dTp = RTdlnfi). This integration gives:
(FT)j, - (Fp)i = RT In Fi/f.o i = l...n (4-3)
but
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
137
a-i = Ti
fi° i = 1...n (4-4)
Equation (4-4) is the definition of activity. Thus, 
Equation (4-3) becomes:
(FT)i ' (FT°)i = RT In
or i = 1,...n (4-5)
(Fi)i = (ËT°)i + RT In ai
Up to this point there have been no restrictions 
posed on a chemically reacting system. At this 
juncture the two restrictions are introduced. One is 
the restriction that the chemically reacting gases 
are ideal. This in itself is not too severe if the 
analysis is constrained to high temperatures and low 
pressures, which is precisely the area of investigation 
in this research.* The second restriction is to 
assume that there is no mixing among the condensed or 
solid species, i.e., they remain in their pure state. 
Hence the activity of the solid can be taken to be one.
*In references 6, 45 and 46, non-idealities 
are considered.
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Free Energy Minimization
Ideal Gas. For an ideal gas the activity of 
the specie i can he taken to be equal to its partial 
pressure, pi. Thus Equation [4-5) becomes:
(FT)i = (FT°)i + RT In Pi i = 1,...n [4-6)
Solid Phase. In the event of solid carbon or 
any other condensed specie present in the system, 
Equation [4-5) can be simplified by recalling the fact 
that the activity of a solid or pure condensed specie 
is one. Therefore:
[Ft)î = [FT°)i i = n+l,...l [4-7)
Equations for Free Energy of a Complex Gas- 
Solid Mixture. Consider a mixture containing 1 chemical 
species [n gaseous and n + 1 to 1 condensed) from 
chemical elements. Let
X = ^ X- (4-8)
i=l 'gas
where Xj is the moles of specie i of the gas and x is 
the total moles of the reacting mixture. The definition 
of partial pressure is:
Pi = i = l...n [4-9)
X
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where P is the total pressure of the reacting system. 
Substituting Equation (4-9) in (4-6) and multiplying by 
xi/RT results in:
xi(Fr)i xi(Fr°)i r, n T— RT— "  = — RT  ^ " + In xi/x]
i = 1. . .n (4-in)
It is convenient to define
and
fi = i = l,...l (4-11)
RT
Ci =  ̂i + In P i = l,...n (4-12) ̂ RT
Combining Equations (4-11) and (4-12) with (4-10) gives 
the free energy function for the gases and is shown 
below:
fi, = Xi (ci + In i = l,...n (4-13)
gas X
It can be observed that ci will he constant at constant 
T and P, and xi will be the only variable to be 
determined from thermodynamic equilibrium. A similar 
expression for the solid or, condensed phase is obtained 
by multiplying both sides of Equation (4-7) by 
Xi/RT. Making use of the definition of Equation (4-11)
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results in the free energy function for the solid, which 
i s
fi,solid = Xi i = %+!,..-I (4'14)
The total free energy of the mixture is obtained by 
summing Equations (4-13] and (4-14), and this gives:
n 1
= L fi,__s + I fi,solid (4-15)i=l Sas i=n+i
or
n _ 1 _
F(X) = I  Xi [Ci+ln xi/x] + I Xi(FT°/RT)^ (4-16) 
i=l i=n+l
where X = (xi, x2,...,x^)
A set of equations is now developed to enable the 
computation of the set of xi’s that satisfy Equation 
(4-1) (material balance) and makes the free energy 
function, of Equation (4-16) a minimum.
Rationale for the Iterative Procedure. At a 
given temperature and pressure it is necessary to 
determine the amount of each chemical specie, xi, 
present that minimizes the free energy. However, 
problems arise when standard minimization techniques
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are applied directly to F(X) and the associated 
material balance constraint. This is because the 
equations resulting from setting the first partial 
derivation with respect to xi equal to zero cannot be 
solved explicitly, for the independent variables, Xi. 
Therefore, it is convenient to make a quadratic 
approximation to the free energy function which 
permits the independent variables to be expressed 
explicitly. Then an iteration scheme is developed 
such that this quadratic approximation approaches 
the actual value of the free energy function at the 
point of minimum free energy. To develop these 
equations for the quadratic approximation and the 
iterative scheme, select any positive set of mole 
values of Y = (yi, yz,...yl) which satisfy the 
material balance equations. Equation (4-1), as the 
initial estimate of the composition. There, the 
value of the total free energy function of the 
mixture is:
■ y yi (Ci * I n p - )  * Ï yi (Ft"U/RT (4-17) 
i=l / i=n+l
However, it is not necessarily true that 
the assumed mole numbers are the ones for the 
components in thermodynamic equilibrium. For this 
to be true the free energy must be a minimum and the
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material balance equations satisfied. Therefore the 
objective of the iteration scheme to be developed 
is to locate the point of minimum free energy by 
using the quadratic approximation to the free energy 
function and have the material balance constraints 
satisfied. The approach will be to form the quadratic 
approximation of the free energy function at X 
expanded about Y. Then the adjoint equation 
employing Lagrange multipliers will be formed with 
this approximation and the m material balance con- 
strait equations. At this point, the usual procedure 
would be to set partial derivatives with respect 
to the independent variables, (x̂ , and the
Lagrange multipliers n2,"'-^m) equal co zero,
and solve simultaneously the resulting set of m + 1 
equations for the minimum of the constrained quadratic 
approximation. Then the procedure would be repeated 
employing some convergence criteria to approach the 
point of minimum free energy.
It is more convenient, however, to use a 
variation of this procedure which requires that only 
m + 1 + s equations be solved simultaneously, where 
s is the number of solid or condensed species, rather 
than m + 1 + n + s equations. Since a quadratic 
approximation is used, the linear equations resulting
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from taking the partial derivatives with respect 
to the xi's can be solved directly for the xi's^^ in
y gaS
terms of the Lagrange Multipliers, ’s and x, 
the total moles of gases. This permits eliminating 
x̂  gag in the material balance equations and results 
in the m + 1 + s equations to be solved simultaneously 
for the IT ’s x, and xi, solid. There are m equations 
with the TTj ’s as the independent variables which 
result from the elimination of xi in the material 
balance equations on the individual elements, Equation 
(4-1) . The other equations are Equation (4-8) and the 
ones from setting the partial derivative with respect 
to Xi,solid of the adjoint equation equal to zero.
These equations will be developed and placed into a 
matrix form. Then a convergence procedure will be 
discussed to insure that the point of minimum free 
energy is obtained.
Quadratic Approximation to the Free Energy 
Function. The problem is to expand F(X) in the 
neighborhood of Y in terms of the difference 
Ai = (xi - yĵ ) . To do this a Taylor series 
expansion for the free energy function at X, F(X), 
expanded about Y, the estimated values, results in 
the quadratic approximation to F(X), which follows:
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' " • L  -  - : LQ(X]
F(Y)+--- (4-18)
where
(^i iyT * iÿ%) = iÿTZ *  ̂ **= 3yi3yic
A 2 _ i L  (4-19)
ayk^
Neglecting any terms higher than second order, Equation 
(4-18) becomes:
1 3F(Y) . ill  3^F(Y) .%X) = F(Y) + TyT-- 6i + - âyTâÿk 6% Ak
(4-20)
Taking the appropriate partial derivative gives :
= ci + In yi/y 1 ^ i ^ n (4-21)
3F(Y) _ (FT°)i n + 1 < i61 (4-22)
3yi " RT
3^F(Y) = 5ik _ 1 1 < i < n (4-23)
3yi 7k yi ÿ
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where is the Kronecker delta [6̂ ^ = 0 for i=j 
and ôik = 1 for i^j) and not that the second partials 
in the case of condensed species are zero.
Substituting Equation (4-21) , (4-22) and 
(4-23) in (4-20) results in the quadratic approxima­
tion to the free energy function at X expanded about 
Y, and is:
Q(X) = F(Y) + I (ci + In &])Ai + I
i = l y i=n+l
+ i y I i ^ - k )  Ai Ak (4-24)
 ̂i=l k=l Xi y
where Q(X) is the quadratic approximation to the free 
energy function. It has been shown that both F(X) 
and Q(X) are positive definite and hence, both 
functions are convex (3, 4, 11, 53). Thus, each 
has a unique minimum.
Lagrange Multiplier Formulation and Minimization, 
The problem is now one of obtaining the minimum of the 
function Q(X) subject to the material balance con­
straints of Equations (4-1) . The adjoint equation, or 
constrained equation, is formed using the method of
Lagrange's undetermined multipliers. The result is:
m n 1
G(X)=Q(X) + I  TT- (bj -  I  aij Xi - % aij xi) (4-25) 
j = l •' i = l i=n+l
where irj is the Lagrange multiplier.
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At this point the usual procedure would be to 
set partial derivatives with respect to the independent 
variable Cxi, X£, X3...x%) the Lagrange multipliers 
712,...TTm) equal to zero. That is, to minimize 
G(X} it is required that the following conditions 
be satisfied;
H r  ■ 0 and 0 ^^-26)
Then the procedure would be to solve simultaneously 
the resulting set of m+1 equations where 1 = n + s, 
s being the total number of solid or condensed species. 
This would be repeated employing some convergence 
criteria to approach the point minimum free energy. 
However, as has been said before, it is more convenient 
to use a different procedure which requires that only 
m + 1 + s equations be solved simultaneously rather 
than m + n + s equations. Since a quadratic 
approximation is used, the linear equations resulting 
from taking the partial derivatives with respect to 
the Xi's can be solved directly. Performing the 
partial differentiation of Equation (4-25); the 
constrained quadratic approximation, results in the 
following expression:
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m m
SG(X) _ 9Q(X) .y y ail = 0 l < i < l  (4-27) 
3xi 9x- - ' J J - -i j=l j=l
M ,xiIt is necessary to develop the expression lor 
Thus, taking the derivative of Equation (4-24) results 
in ;
(ci  ̂ in yi/yj . ( : )
y^ ÿ
1 < i < n (4-28)
and
SQ(X) = Ft ' 
3X4 RT i = n + 1___ 1 (4-29)
Substituting Equations (4-28) and (4-29) in (4-27) 
results in the following expressions;
3G
9xr = [ci + In yi/y] + [xi/yi - x/y] -
m
I 3ii = 0j = l
i = 1....n (4-30)
and
|G_ = CF°T)i . ^ TTj ajj = 0 i = n + 1...1 (4-31) 
3xi RT ^=1 J
Since yi > 0 we may solve for xi in (4-30) and obtain:
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m
Xi,gas = fi(y) + (yi/y) % + I_ (̂ j aij) yi
j-i
i = 1,...n (4-32)
This gives n explicit equations for the moles of the 
gases in terms of the m + 1  unknowns, and x. Equation 
(4-23) permits the elimination of Xj^gas from the 
material balance equations. Substitution of Equation 
(4-32) into (4-1) results in m equations of the form 
given below:
n o • I m n
I -ikZl . X * I I [(aii) (aik) yj] +
i=l y j=l i=l
1 n
I &ik Xi = bk + I aik fi (Y) k = l,...m 
i=n+l i=l
(4-33)
For the purpose of simplifying the above, it is 
convenient to define:
^ik Yi = bk k = l,...m (4-34)
and
i = u (4-35)y




Tjk = ^kj =  ̂ C^ij) (aik) Xi Cj, k = 1, 2, ...m) 
i = l
(4-36)
Equation (4-33) on re-arranging becomes:
m , 1
I rjk TTj + bkü + % aik Xi = bk +
j=l i=n+l
I aik fi (Y) (k = l,...m) (4-37)
i=l
This represents m equations in m + 1 + s unknowns 
•rrjs, u and solids' additional independent
equation is obtained by noting that ^Xi = x and by
summing Equation (4-32) from i = 1 to n the following
equation is obtained.
m , n
I  b. TT = Î (Y) (4-38)
j=l 4 ]
The additional s equations needed to compute the 
amount of condensed (or solid) phases present are 
obtained from Equation (4-31). This results in:
_ m(F-°/RT)i = I  aii n. i = n + 1...1 (4-39)
 ̂ j=l J J
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These equations, which are to be solved simultaneously, 
are summarized and given in general form in Table 4-1. 
When the equations are solved, values for the moles 
of condensed species are obtained directly. Also, 
the values of the Lagrange multipliers uj and that 
of u are obtained. These two latter values are 
substituted in Equation (4-32) to calculate the 
moles of the gas species. A more detailed exposition 
of the procedure to follow is given below.
Computation Procedure. The iterative pro­
cedure is initiated by assuming any positive solution 
Y = (yi; y2,...y3_) which satisfies the material 
balance equations. Equation (4-1). Then, the value 
of fi(y) are determined by Equations (4-13) and (4-14) 
as are the values of rj]̂  by Equation (4-36) . Next 
the system of equations in Table 4-1 are solved 
simultaneously. Note that the solution to these 
equations give m values of the Lagrange multipliers.
TTi , the value of û = (x/y) and values of x^'s solid.
In addition, it should be noted that the values of 
Xf,solids The only ones directly obtained from
the simultaneous solution of these equations. The 
values of xi,gas are not obtained directly from this 
solution, but must be computed using Equation (4-32) 
which is in terms of the known values TTj and G. The





















TABLE 4-1. General Equations for the Solution of the Equilibrium Composition of
§ Gas-Condensed Mixture by the Free Energy Minimization Technique."
   ^------------
r i l ^ l  + r i 2 % 2  + • • • + b j u  + a K + i , i X K + i  + . . . + » q , i X q  = b l  + % i l f i ( Y )
i — 1
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K
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new and improved values of can be used, if they are 
all positive, as a starting point for the next 
iteration. However, negative xi's can occur and steps 
should be taken to avoid this possibility and thus, 
insure convergence. This is discussed below in the 
context of common numerical problems encountered 
when using iterative schemes.
Numerical Problems in Convergence Procedure
Convergence in an iterative calculation, 
involves, usually, three numerical problems: (1) How
to insure numerical convergence. (2) How to determine 
the step size for a given iteration. (3) How to 
determine when to stop in the computation cycle.
How to Insure Numerical Convergence. Normally 
in the iterative procedure, the amount of each specie 
Xĵ which is calculated at the minimum of the con­
strained quadratic approximation, is used as the new 
estimate for the following iteration. To insure that 
oscilations and over-corrections will not occur, the 
following convergence scheme similar to that of White 
et al. (3) was used.
To prevent oscillations, the gradient of the 
free energy function can be examined, and the values 
of the Xi's determined that insure the free energy
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will always decrease. To do this, a parametric 
representation of the free function is formulated. This 
is done by taking the values of the moles of each specie 
calculated at a given iteration to estimate the values 
01 the moles of the chemical species yi(new) the
next iteration. Thus,
yiCnew) = ^iCold) * 1 1 i 1 1 (‘*-38)
and
'i = - /iCold) 1 i i i 1 (4-39)
where A is the parameter of the line through xi, and 
>'i oicj, and it can vary from zero to one. The value 
for A that was used to insure convergence is discussed 
in a later part of this section.
The free energy function can be expressed in 
terms of the convergence parameter A by substituting 
^i(new) of Equation (4-38) in Equation (4-16). The 
result is:
n _
F(A) = I [yi + AAi] [ci + In yi + AAi/y +aa ] +
i = l
L) • C k
where in the above expression yi is equivalent to yi(old) 
of Equation (4-39) and A = x - ÿ.
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To determine the direction (increase or decrease) 
of the free energy function, the derivative with respect 
to \  is examined after every iteration. The derivative 
is easily computed and is:
n 1 F°dFÇX) . I i, . in Xi + AAi/y . XÂ] * i: ii W
dX = 2  ̂ i=n+l 1
(4-41)
If the directional directive dF/dX is negative 
a descent path is followed. That is the value of the 
free energy function in the r+1 iteration will be less 
than in the r^h iteration. When this procedure is 
continued the minimum is eventually reached. However, 
when a non-negative value of the directional derivative 
is obtained, the value of X (step size) should be 
reduced until a negative value of this derivative is 
obtained. A more thorough discussion on the proper 
value of X is given below.
How to Determine the Step Size for a Given 
Iteration. The original paper of White, Johnson and 
Dantzig (3) on which the technique developed in this 
chapter is based, does not shed much light on the size 
of the iteration step, or convergence parameter X that 
is required for converences. However, recently Zeleznik
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and Gordon (11, 12) showed that for a function of A 
F(A) = [F (ÿ + A A)]* the optimum value of the step 
size can be found. This is possible since the condition 
for equilibrium is that the free energy be a minimum. 





fnew = fold +  ̂Âi
where aJ denotes the transposer of the matrix.
This optimum value of A allows for a better 
control of the path of descent with the corresponding 
decrease in the number of iteration necessary to reach 
the minimum.
Practical consideration, however, dictate that 
a minimum amount of time be spent in this phase of the 
iterative procedure. Consequently, it is best to 
sacrifice a few extra iterations and obtain in return 
a faster estimate of the value of A. This was done 
by Oliver et al. (IS). Their technique consisted in 
choosing the specie with the largest negative value of 
Ai and computing a value of A' such that yi(new) be 
zero; therefore
The bar ( ) denotes a vector.
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/  = _ yiÇold) (4-43)
Then X was set to some fraction of x'. They proposed 
0.99 X*. We have found from experience that 0.9X 
works better.
However, this procedure alone, does not insure 
convergence. It is possible to fine a value of X 
which meets the above requirement but yet makes 
dF/dX positive. This has the effect of increasing the 
free energy rather than decreasing it and can cause the 
solution to diverge. Therefore, one must check if X' 
calculated by Equation (4-43) makes the gradient 
dP/dX negative. If it does not, the value of X' 
must be further reduced until this condition is 
satisfied.
It is possible to encounter situations where 
the value of X becomes practically zero. This will 
most likely occur when trace species are present, that 
is, when the value of yj, the moles of a specie is very 
small. A criteria has been developed to automatically 
eliminate trace species from the computation in the 
chemical equilibrium analysis program. These procedures 
are further discussed in the section on trace species.
It should be stated that one should never allow the 
correction XAi to be less than 6 or 7 orders of
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magnitude smaller than since this would make the 
convergence scheme very time consuming. More will also 
be said about this in the section dealing with trace 
species.
It has been observed that as the minimum is 
approached large changes in X occur, which cause the 
value of dF/dX to become smaller. This allows for a 
control path of descent, and convergence to the minimum 
is obtained.
How to determine where to stop. It was 
established in the above paragraph that as long as dF/dX 
remains negative, the iterative cycle will continue to 
calculate new and improved values of the y 's. In 
principle the iteration should be stopped when;
n
I 1 Ai 1 = 0 (4-44)
i=l
However, this criteria is impractical to achieve 
in a digital machine because of round-off error.
Rather, the criteria should be determined by these 
four basic questions: 1) How accurate should the
answer be? 2) How many significant figures are available 
in the digital machine? 3) Can a little accuracy be 
sacrificed for time? 4) How accurate is the input data?
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I:: most cases the data is the constraining 
factor. There is no point in getting successive 
checks in the six or seven significant figure when the 
thermodynamic data is only good to three at most four 
significant digits. We have found from experience 
that when
10.001 <  ̂ 1 I £ 0.01 (4-45)
rapid convergence and accurate values result.
There are other criterias that can be used to 
test for convergence. One would be to take successive 
values of the free energies and compare them. When the 
difference is less than a pre-requisite number of 
significant figures stop the iteration. Similarly, 
the value of the gradient dF/dX can be examined.
When its value is close to zero we are assured of 
having reached the minimum, i.e., equilibrium.
Although these last two criterias seem to be logical 
choices, we have found that when using Equation (4-45) 
better convergence control is achieved.
Gaseous Trace Species
When very little is known about a particular 
chemical system, one is forced to consider as many 
chemical species as thermodynamic data is available
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for them. In the case, for example, where carbon and 
hydrogen react there are many possible products of 
reaction. At high temperature it would be expected 
that lower molecular weight hydrocarbons would exist 
while at lower temperatures, higher molecular weight 
species would be expected. This is probably the 
most one can safely infer from basic chemistry know­
ledge. But little else can be said. Hence, when it 
is desired to know the equilibrium composition of a 
hydrocarbon mixture at different temperature and 
pressure, one, of necessity, needs to consider all 
probable hydrocarbon species. Under these conditions, 
it is very possible that many of the chemical species 
assumed to be present will only be in trace quantities. 
However, it will be illustrated how species which are 
trace at a particular temperature and pressure can 
become important at other temperatures. This will show 
that trace species cannot arbitrarily be eliminated 
from the computation, especially, for those systems • 
where varying temperatures and pressure can be en­
countered. Thus, it becomes important to devise an 
automatic procedure to eliminate trace species momentarily 
from the computations so as to speed up the convergence, 
to the minimum free energy, and later reintroduce 
them at the end of the iteration.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
I C I
To show that the elimination of trace species 
has no effect on the equilibrium composition of major 
components. Table 4-2 illustrates this with the example 
of the equilibrium composition of a 40 percent nylon 
and 60 percent phenolic resin composite. The tempera­
ture is 800°C and the pressure one atmosphere. Run 1 
shows the equilibrium composition for twenty one assumed 
species. Run 2 was performed with C2H, €3!!, C4H, and 
C3 taken as zero composition. Since the equilibrium 
composition of Run 1 predicts that these four species 
have negligible mass fractions, their elimination 
produced no effect on the equilibrium composition 
of the seventeen remaining species.
In Table 4-3, however, the results are 
strikingly different between Run 1 and Run 2 for a 
temperature of 3100°C. In this case the elimination 
of the species C7H, C3H, C4II and C5 does have a 
profound effect on the composition. Although these 
four species were trace species at 800°C this is now 
not true at 3100°C, and thus illustrates the importance 
of considering as many species as thermodynamic data 
is available. This is especially true when the 
chemical system under consideration is studied under 
a diverse range of temperature conditions.
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TABLE 4-2. Equilibrium Composition of the Pyrolysis 
Gases of a 40 Percent by Weight of Nylon 
and 60 Percent Phenolic Resin at P = 1 atm 






H 0.5483 X 10-9 0.5483 X 10-9
" 2 0.6788 X 1 0 "! 0.6788 X lO'l
CII3 0.1148 X 10-7 0.1148 X 10-7
CH4 0 .1893 X 1 0 - 1 0.1893 X lo'i
C2 " 2 0.7475 X 1 0 - 8 0.7475 X 1 0 - 8
C2H 4 0.5910 X 1 0 -G 0.5910 X 1 0 - 6
CzHe 0.4606 X 1 0 - 6 0.4606 X 1 0 - 6
C6"6 0.8471 X 10-13 0.8471 X 10-13
N’2 0.3875 X 1 0 - 1 0.3875 X 1 0 - 1
Nil 0.3275 X 10-4 0.3275 X 10-4
HCN 0.4101 X 10-3 0.4101 X 10-5
H2 O 0.1409 X 1 0 - 1 0.1409 X 1 0 '̂
OH 0.8392 X 1 0 - 1 2 0.8392 X 1 0 - 1 2
C02 0.8776 X 1 0 - 2 0.8776 X 1 0 - 2
CO 0 . 2 2 2 0 0 . 2 2 2 0
CN 0.1006 X 10-14 0.1006 X 10-4
C2H 0.1347 X 10-16 0 .
C3H 0.6904 X 10-18 0 .
C4H 0.5722 X 1 0 - 2 2 0 .
C3 0.7290 X 10-28 0 .
C 0.6295 0.6295
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TABLE 4-3. Equilibrium Composition of the Pyrolysis 
Gases of a 40 Percent by Weight of Nylon 
and 60 Percent Phenolic Resin at P = 1 atm 








CH3 0 .9268 X 10-4 0.1369 X 10-3
CII4 0.5311 X 10-5 0.8937 X 10-5
^2̂ 2 0.6010 X 10-1 0.7796 X lo'i
^2^4 0.1526 X 10-5 0.2567 X 10-5
C2H6 0.7115 X 10-11 0.1553 X 10-10
0.4456 X 10-21 0.9725 X 10-21
N2 0.3377 X 10-2 0.8633 X lO'Z
NII3 0.9244 X 10-7 0.1386 X IQ-G
HCN 0.2175 X lQ-1 0.2514 X 10-1
II2O 0.2560 X 10-G 0.3611 X 10-6
Oil 0.8525 X 10-7 0.1056 X lO'G
CO2 0.1467 X 10-7 0.1735 X 10-7
CO 0.1511 0.1643
CN 0.7421 X 10-2 0.7533 X 10-2
C2II 0.7364 X 10-1 0 .
C3H 0.5525 X 10-1 0.
C4H 0.3552 X 10-1 0.
C3 0.3938 X 10-2 0 .
C 0.2562 0.7603
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It is also important to note that the speed of 
convergence can be drastically affected by whether or 
not trace species are eliminated during the iterative 
procedure to minimize the free energy. For the 
example in Table 4-2 if all of the species with mass 
fraction less tkatn 10"̂  are eliminated the number of 
iterations needed to converge to the minimum were 
seven, compared to twenty-one when the twenty-one 
species were considered.
It is possible to eliminate trace species during 
the convergence scheme, and when convergence has been 
achieved, recompute the value of trace species. This 
can be calculated by using the following equation:
_ mX- = X exp (-Ci + I  î-jTT̂ ) i » 1 . . .n (4-46)j = l
Equation (4-46) is obtained by differentiating 
Equation (4-24) with respect to Xi and replacing Q(X), 
which is the quadratic approximation of the free energy 
function, with the exact function F(X). Note that the 
total number of moles x and the Lagrange multipliers 
TTj are constants since trace species have no effect 
on these values. Hence, the only necessary thing to 
compute Xi is to compute ci from Equation (4-12).
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Solid or Condensed Phase Species
It has been our experience that apart from 
control of the minimum size of the value of the con­
vergence parameter X, there has been no numerical 
difficulties encountered in determining equilibrium 
compositions in gaseous systems when trace species 
are eliminated during the iterative procedure. As has 
been previously stated, these trace species are 
reintroduced at the end of the iteration and their 
numerical values are recomputed by the use of Equation 
4-46. Straight forward application of the iterative 
equations in Table 4-1 results in a rapid convergence 
to the minimum. In principle the same applies to 
systems with pure condensed species. However, 
difficulties are known to occur in these computations, 
and care should be exercised to circumvent them as 
will be discussed.
When formulating the chemical equilibrium 
problem for a particular chemical system, one assumes 
a number of chemical species that might be present at 
equilibrium. Some of these species will turn out to 
be present in trace quantities. Equation (4-46) is 
used to compute the numerical values of the moles of 
each of these trace species. Unfortunately, Equation 
(4-46) is not applicable to other than gaseous species.
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Consequently, this procedure cannot be used for solid 
or condensed species. There is, however, a procedure 
and certain rules derived from thermodynamics that 
need to be followed rigorously for the elimination or 
addition of condensed species. These procedures are 
explained below.
When to Eliminate a Solid Species. There can 
be times during the convergence scheme when the moles 
of a solid or a condensed phase species becomes very 
small or negative. When this occurs the value of the 
convergence parameter X, needs to be reduced. If 
this condition persists the value of X can become 
zero. When this occurs the iterative procedure might 
not converge. It then becomes necessary to eliminate 
this condensed specie to assure convergence.
When to Add a Solid Specie. The complimentary 
problem of adding a condensed specie must be approached 
from a different viewpoint (4). Consider the adjoint 
Equation (4-24). This is the expression for the total 
free energy function to be minimized. Since Q(X) = F(X) 
at the minimum Equation (4-24) becomes:
m n 1
G(X) = F(X) + I  n; (b. - % aijxi - I aijxi) (4-47)
j = l •' i = l i=n+l
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1G7
when the material balance constraint is satisfied:
G(X) = PCX) (4-48)
Suppose that for a given set of mole numbers,
X' = %2 . . . x^), F(X) is a minimum. Then:
3G_
X=x'
dx^ = 0  i = 1 . . . n (4-49)
3G _ .
H Ï  " " i = n + 1 . . . 1 (4-50)
X = x'
Now consider adding a condensed specie to a 
system where this specie is already present in the gas 
phase. Denote this as the q' condensed specie and 
as the number of moles of the specie. The change in 
free energy due to the addition of this specie to 




A] = Xi - x^ (4-52)
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Combining Equations (4-49) , (4-50) , (4-51) ,
gives :
9 r
AG = Aq (4-53)
For the free energy of the mixture to decrease, 
3C/3Xq must be negative. To minimize the free energy, 
the partial derivatives of the free energy function with 
respect to mole numbers are set equal to zero. For 
the condensed specie this gives:
 ̂p ^
|#T = [F?/RT]i - % aij = 0 (4-54)
j-i
Therefore, if the added condensed specie is to 
decrease, the free energy must have a value such that:
m __
I 7TJ a^j > (Tr/RT)i (4-55)
j-1
If the above is true for an added condensed 
specie, then it should be considered in the chemical 
system as the free energy will be less with it 
included.
Comparison of Equilibrium Composition Calculations 
Witn Published Data and Computations
In this section comparisons of published results
with the results of the chemical equilibrium analysis
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program are presented. Comparisons are made for five 
chemical systems. These are CO, CO2, 0 and O2 system; 
the ammonia equilibrium, rocket fuel reaction product 
system, the methane-water system and the hydrazine 
oxygen reaction products.
CO2, CO, 0 and O2 System. A comparison of the 
calculated values of the chemical equilibrium analysis 
program with results published by Kondratev (56) for 
a CO, CO2, 0 and O2 is shown in Figure 4-1. The 
continuous line represents the equilibrium composition 
as calculated by the equilibrium program. The dotted 
lines represent the values given by Kondratev (56).
The agreement is excellent. The slight difference is 
due, probably, to the fact that different sources of 
thermodynamic data were used.
The Ammonia Equilibrium. A comparison is 
given of the equilibrium composition of the N2, Hz and 
NII3 system as calculated by the equilibrium analysis 
program and the data presented by Dodge and Larson (57).
The comparisons are presented for Tables 4-4, 4-5,
4-6 and 4-7 for pressures of 10, 30, 50 and 100 
atmospheres, respectively. The data presented in these 
tables is the actual experimental values of the equilibrium 
composition of ammonia as measured by several individuals 
and presented by Dodge and Larson (57) . These results
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Figure 4-1, A Comparison of a Calculated Values of the Equilibrium Concentration 
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TABLE 4-5. Equilibrium Composition (Mole Percent) of Ammonia at 30 Atmospheres
Temperature (°C) Dodge F.N.R.L.* Haber Norst Program
350 17 . 80 17.78 18 . 81 21.22 19.11
375 13.35 14 .48
400 10.09 10.15 10 .72 11.67 10.93
425 7 .59 8 . 27
450 5.81 5 . 86 6 .13 6.36 6 . 29
475 4.53 4 . 82





*Fixed Nitrogen Research Laboratory 
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show that the chemical equilibrium analysis program 
can predict the chemical equilibrium composition for 
systems in equilibrium. It is suspected that part of 
the difference between the actual and calculated 
values are due to non-idealities and to the experimental 
error of the measurement. In general the results 
agree within 5%.
Rocket Fuel Reaction Products. In Table 4-8 
a comparison of the equilibrium composition of unsymetri 
cal dimethyl hydrazine [UDNII] , red fuming nitric acid 
propellant combination as calculated by the equilibrium 
analysis program and by Brandmeir and Harnett (32] 
is presented.
These authors calculated the equilibrium 
composition using free energy minimization. The 
comparison shows excellent agreement between the two 
programs. The temperature at which the equilibrium 
was calculated was 3000°K and the pressure was 10 
atmospheres.
Methane Water Reaction. A comparison of 
results, with those of Oliver et al. (15), for the 
equilibrium reaction of five moles of Hydrogen and one 
mole of methane at 600°C and 1 atmosphere is 
presented in Table 4-9. Their results were obtained 
by the free energy minimization technique also. The
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TABLE 4-8. Comparison of UDNH-RFNA Reaction Products at 
Equilibrium Predicted by Brandmair and 
Harnett and the Equilibrium Program at 







u? 3 . 6 5 6 9 3.6567
II2O 40.7310 40.7273




NO 0 . 9 3 8 6 0 . 9 3 8 7
N 2 . 0 8  X 1 0 " 3 2.09 X 10"3
H .9554 .9553
0 .6136 .6136
O2 2.578 2 . 5 7 8
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TABLE 4-9. Equilibrium Composition for the Reaction 
of SH2O + CH^ atôOOOC and one Atmosphere 
Pressure.
Composition (Mole Percent)
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results show excellent agreement with chemical equilibrium 
composition calculated by the chemical equilibrium 
analysis program.
Hydrazine Oxygen Reaction. The equilibrium 
composition of the combustion of a stochiometric mixture 
of hydrazine and oxygen at 3500°K and 750 psia, as 
calculated by the equilibrium analysis program is present­
ed in Table 4-10. These results are compared with those 
of White, et al. [3) and Napthali (58, 59). White et al. 
(3) showed that it took at least six iterations for the 
program to converge, our chemical equilibrium analysis 
program took three. The results with both authors 
shows excellent agreement.
The previous five comparisons of the chemical 
equilibrium analysis computations with the results 
of others have shown the integrity of the program. A 
slightly modified version of the chemical equilibrium 
analysis program is used as a subroutine in the ABLATINl 
and ABLATIN2 analysis programs to be discussed in 
Appendix A. The chemical equilibrium analysis program 
is discussed in detail in Appendix E.
Free Energy Minimization: Is it the Best Method?
Prior to 1958 all equilibrium calculations were 
performed using the equilibrium constant approach, the 
main proponent of which were Brinkley (9, 20) and Huff
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TABLE 4-10 Equilibrium Composition of Products from 
the Combustion of a Stochiometric Mixture 







H .1 0.040668 0 .0406415 0.04118
”2 .35 0.147730 0.147700 0.14757
IÎ2O .50 0.783153 0.783222 0 .78358
N .1 0.001414 0.01413 0.001410
'̂2 .35 0.485247 0.485249 0.485210
NO .1 0.027399 0.027395 0.027480
0 .1 0.017947 0.017935 0.017980
O2 .1 0.037314 0 .037303 0.037570
OH .1 0.096872 0.096848 0.095820
*Reference (3) 
**Reference (58, 59)
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(17, 32, 23, 24). In that year, White, Johnson, and 
Dantzig (3) of the RAND Corporation proposed to 
calculate chemical equilibrium of reacting gases by 
minimizing the free energy. Their method sparked 
considerable interest and controversy. It caused users 
to be divided into two camps: the faithful equilibrium
constant formulators and the free energy minimizers.
The controversy flamed with claims and counter claims 
of assured convergence and of computational advantages 
offered by each method. As reported by Zeleznik and 
Gordon (11), "so heated became the controversy that 
when a panel discussion was arranged to discuss 
equilibrium computation in 1959, it was necessary to 
divide the panel into a free energy panel and an 
equilibrium constant panel."
In 1960 Zeleznik and Gordon (41) tried to settle 
the controversy by comparing the three general methods 
of Brinkley (9, 20), Huff (17, 22, 23, 24) and White 
with each other. They extended the form of these methods 
to permit condensed species as reaction products. An 
analytical proof was shown to indicate that the three 
methods could be placed in a form independent of the 
choice of components. Finally, they concluded that no 
one of the three methods offered "any significant 
computational advantages over the other two." However, 
in their most recent publications (11, 12), they seem
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to reverse their standing by stating that free energy 
minimization does offer some computational advantages.
Free energy minimization has some distinct 
computational advantages in that the number of 
equations to be solved is equal to the number of 
element plus the number of solid species plus one.
For a carbon hydrogen system with one solid species, 
the number of simultaneous equations to be solved arc 
four regardless of the number of gas species. This 
advantage cannot be claimed by the equilibrium 
constant formulation method. In addition there is 
no need to specify an independent set of chemical 
reactions as is required by the equilibrium constant 
formulation. This would indeed be quite a task in 
setting up a problem for say a 100 species and 2 
elements since a total of 98 independent chemical 
reactions must be postulated. For free energy 
minimization it is only necessary to estimate the 
number of species believed to be present at equilibrium 
and this greatly simplifies the laborious task of 
postulating a set of independent chemical reactions. 
Isomers are handled by free energy minimization as 
distinct chemical species while for the equilibrium 
constant formulation they require special treatment 
(59). Initial estimates which are required to be 
rather close for equilibrium constant formulation (4)
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are not for free energy minimization. It has been found 
from experience that when postulating a chemical system 
it is best to have all of the guessed input compositions 
within 2 orders of magnitude of each other. This 
reduces the number of iterations required for a specified 
temperature and pressure.
All of the facts in this section tend to 
support the contention that as a general multipurpose 
scheme, for any number of species, free energy 
minimization is probably the best. This, of course, 
is not to say that existing programs implemented using 
the equilibrium constant approach are inferior. On 
the contrary, in the final analysis the success in 
implementing either technique is what determines its 
usefulness. For those that would prefer to have a 
"feeling" for what reactions are affecting 
equilibrium the most, the equilibrium constant 
formulation may be used. This kind of information 
cannot be obtained directly from free energy minimiza­
tion since it does not use chemical reactions in its 
implementation.
When repetitive numbers of calculation are 
required, as in flow field calculation, free energy 
minimization might become time consuming and several 
specialized schemes (61, 62) have been developed to
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take advantage of some special characteristic of the 
problem to reduce the time of solution. These schemes, 
of course, are quite restrictive for general 
applications; and they cannot be used for other than 
the solution to the particular problem for which they 
were developed. This is because any modification of 
the system, such as the inclusion of products not 
previously considered or the addition of a new element, 
would require a new analysis, algebraic manipulations 
and reprogramming.
Recently, four additional techniques for 
computing chemical equilibrium composition for gases, 
have been published in the literature (63, 64, 65, 66) 
and they are briefly discussed. One is by White (63) 
in which he develops a technique based on the con­
tribution of each element to the total free energy of 
the molecule. In his new technique he makes claim 
that the method eliminates certain difficulties 
encountered by free energy minimization and in addition 
reduces the number of iterations required for con­
vergence. The iterations are based not on the final 
value of the equilibrium composition of the chemical 
species, but on the final value of the Lagrange 
multipliers. There is, however, a drawback in that 
tables of the contribution, or partitioning of the free 
energy are necessary for this method, and these are not
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yet available. Perhaps, as the author admits, not until 
these tables are readily available will there be much 
interest in this new method. The second technique 
is that of Lai, (64) which uses the mathematical duality 
between the minimum free energy and the mass conserva­
tion equations to compute chemical equilibrium. Another 
dual technique is that of Passy and Wilde (65) and 
it is based on the duality between geometric programming 
and the minimization of the Gibbs free energy function. 
Several questions were raised during Lai's (64) 
presentation of his paper about the validity of his 
convergence scheme, and this raises the possibility 
of divergence in cases more difficult than the one 
presented by the author.
The method of Passy and Wilde (65) is a 
completely new technique for solving single phase 
chemical equilibrium problems. The main advantage 
of transforming the problem to a posynomial 
minimization is a reduction in the number of variables 
to be solved. Moreover, the number of Lagrange 
multipliers is reduced to one which is interpreted 
physicially, as the total number of moles of the 
system at equilibrium. Since the method reduces the 
number of minimization variables, when implemented 
it will most probably reduce computing time. The 
method as derived is not applicable to polyphase
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system and as such, its usefulness to this research 
where solid phases are considered is limited. The 
final and latest method in the literature is chat of 
Meisnner et al. [66). In contrast with the three 
previous methods which fall into the category of 
minimization schemes, the method of Meisnner and co­
workers [66) is a variation of the equilibrium 
constant formulation which they call the "reactor 
series method". The method proposes that for 
calculating equilibrium compositions for a system 
in which many reactions occur, the system should be 
reduced to a series of individual reactions occuring 
separately. The main advantage claimed by the 
authors is the simplicity of the calculation which is 
predicated on the fact that since only one reaction 
is treated at a time simple algebra is involved in every 
step. However, this method suffers from the main dis­
advantage of the equilibrium constant method, i.e., 
having to postulate a system of independent chemical 
reactions in comparison with free energy minimization 
where species believed to be present are the only things 
specified.
None of the four methods reviewed, except 
perhaps that of Passy and Wilde (65), which only 
applies to single phase system, offers any superior
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advantage over the free energy minimization technique 
( 3 )  .
Summary
This chapter has presented a detailed 
derivation of the free energy minimization technique. 
Comparison with other well known methods were made to 
illustrate that free energy minimization was more 
suitable for a number of reasons. The principle 
one being that the only thing required to compute 
chemical equilibrium is to specify the number of 
species rather than the number of independent 
reactions as is required for other methods. Four 
recent techniques which appeared in the literature 
were briefly discussed and none seem to offer any 
particular advantage over free energy minimization 
as it has been applied to this research. In the 
next chapter a detailed presentation of the non­
equilibrium flow analysis is given.
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As mentioned in Chapter III, there are two limiting 
cases currently used to simplify the analysis of the flow 
of pyrolysis gases through the decomposition zone and char 
zone. These are to consider the flow frozen or in thermo­
dynamic equilibrium. Frozen flow tends to under predict 
the energy absorbed in the decomposition and char zones 
since it does not account for the energy absorbed by the 
endothermie reactions. Equilibrium on the other hand, 
tends to over predict the total energy absorbed since it 
assumes that all the reactions proceed to their maximum 
extent. In order to obtain a more realistic analysis, a 
third method was also studied in this research whereby the 
reaction rates of the chemical species are governed by 
finite reaction rates. This of necessity requires the 
determination of all important chemical reactions and the 
analysis of the appropriate kinetic data corresponding to 
these reactions. This method of analysis, therefore, 
requires the laborious task of collecting, cataloguing and 
evaluating reaction kinetic data as it appears in the 
literature.
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A procedure was developed to help simplify, but not 
totally eliminate, the difficulty encountered in evaluating 
kinetic data for the reactions, and to help narrow down the 
choice of selecting information from sources which some­
times do not agree among themselves. This procedure is 
called the isothermal analysis technique, and it is ex­
plained in a latter part of the chapter. In addition to 
the painstaking data handling amd analyzing procedure there 
is the added task of numerically solving the equations.
The non-equilibrium flow analysis is an order of magnitude 
more complex than the chemical equilibrium analysis of 
Chapter IV. The latter involves the solution of a set of 
algebraic equations with the energy equation; while the 
non-equilibrium flow analysis requires the solution of a 
set of non-linear ordinary differential equations (species 
continuity) with the energy equation. The numerical solu­
tion of these equations Cein become stiff (10) as will be 
explained subsequently.
Mathematical Formulation
The phenomenological equations that permit the calcula­
tion of the reaction rates for ein arbitrary number of 
simultaneous chemical reactions involving an arbitrary number 
of chemical species is presented in this section.
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A chemical reaction can be written in general as:
3=1 ’'ij E , Pii Aj i = 1....L4- ]=1
k (5-1)
^i
For this ith chemical reaction the r.. and p .. represent1] 13
the stochiometric coefficient of the reactants and products 
respectively. Aj represent the chemical species j. The 
forward and reverse reaction rate constants are kf. and 
respectively. Assuming that there are a total of 1 
chemically reacting species whose composition can be 
determined by L chemical reactions, the rate of reaction 
of the j species, Rj, can be described by the following 
phenomenological equation:
^ 1 r.-: 1 p‘ . (5-2)
where is the concentration of component K, k^^ and kj,̂  
are the forward and reverse reaction rate constants, and 
r^j euid pij are the power on the concentration of the
• Ireactants and products respectively, rij and pij are 
equal to their corresponding stochiometric coefficients for 
elementary reactions only.
Equation (5-2) is a convenient and general formulation
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for expressing the reaction rate of the jth species in 
L simultemeous chemical reactions. This form of the rate 
equation for species i is readily used in the computer 
implemented numerical solutions of the non-equilibrium 
flow analysis. The stochiometric coefficients stored in 
matrix form, where the species are identified by their 
row location and the reaction by their column location. 
Since there is no algorithim to relate the rows and columns 
for use in a generalized, all purpose input subroutine,
i. e., the matrix of coefficients is a sparce matrix. The 
forward and reverse reaction rate constants are convenient­
ly expressed in the following functional form:
T"^i exp (-E^/RT) i=l...L (5-3)
when S^=0 Equation (5-3) reduces to the well known 
Arrhenius expression. Ai is the frequency factor and 
is the activation energy.
Equations (5-2) and (5-3) are simple to program. 
However, the selection and analysis of the data for the 
important chemical reactions amd the subsequent numerical 
problems that are encountered in describing chemically 
reacting flow, makes this analysis more difficult than 
the equilibrium case. The selection of the chemical 
reactions and the numerical problems encountered in their
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solutions are explained in the next two subsequent sec­
tions.
Criteria for Reaction Selection
When developing a kinetics analysis for a chemically 
reacting flow system one must first determine what are 
all the possible chemical reactions. That is, one must 
perform an exhaustive analysis of all possible chemical 
reaction combinations and select from these, as a first 
approximation, those reactions which are thermodynamically 
feasible. To determine all the possible chemical reactions, 
three main sources were used (2, 3, 4). The work by 
Hockstein (2) covers over 20,000 possible reactions, not 
all applicable to this research. However, it has an ex­
tensive list of reactions for the carbon-hydrogen and 
carbon-oxygen systems. Pike (4) also covered most of the 
important hydrocarbon reactions which were of particular 
interest to this research. Moreover, Bahn (3) recently 
listed all of the possible reactions in the H-O-N system.
The first step in selecting the appropriate reactions 
was to eliminate those reactions which had reactants cuid 
products which could not be formed by any combination 
from the species present in the pyrolysis gases. A de­
tailed explanation on how these compositions were obtained 
is given in Appendix F.
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The next step was to determine those reactions from 
the remaining set which were thermodynamically feasible. 
Those that were feasible, were further analyzed using the 
isothermal analysis technique which is explained later in 
this section.
Composition of Pyrolysis Products: It has been
mentioned that the composition of the pyrolysis gases has 
an important effect in the reaction selection process.
It eliminates from consideration those reactions whose 
reactants could not be formed by any combination of the 
pyrolysis products. Thus, it is most important to estimate 
the composition of the pyrolysis gases with as much cer­
tainty as possible. Note that the composition of pyro­
lysis gases only affects the non-equilibrium analysis since 
equilibrium only requires the elemental composition to be 
known, and these are known from the chemical formulae of 
the components of the ablative composite and their composi­
tions .
First attempts to study the non-equilibrium flow of 
pyrolysis products relied on the composition obtained from 
two sources. One being the composition obtained assuming 
chemical equilibrium (5) and the other by the analysis of 
the degradation products of low density nylon phenolic
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resin by pyrolysis gas chromatography (6, 7). As noted 
in Appendix F, the unavailability of accurate analytical 
procedures and thermophysical properties for the high 
molecular weight pyrolysis products ( i, e., phenol, cresol, 
toluene, etc.) left a region of definite uncertainty as to 
the composition of pyrolysis products. As a result, the ma­
jor components of the degradation of the pyrolysis products 
were identified as methane, hydrogen, carbon dioxide, carbon 
monoxide and nitrogen by many (8, 9), with unknown quan­
tities of water and high molecular weight residue completing 
the analysis.
Subsequent research by Sykes (10) confirmed the presence 
of phenol-based materials as primary constituents in the 
high molecular weight residues. Table 5-1 lists the species 
and the estimate of the composition of the pyrolysis products 
resulting from the degradation of a 40 percent (by weight) 
nylon, 60 percent phenolic resin ablative composite. How 
these estimates were arrived at is presented in Appendix 
F.
Equilibrium Conversion of Reactions; The second step 
in the development of a realistic kinetic analysis is to 
determine from the list of possible reactions which are 
thermodynamically unfavorable. By computing the equilibrium 
conversion of the reactions over the temperature range of
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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TABLE 5-1 Estimate of the Representative Composition 
of the Pyrolysis Products for a 40 percent 
Nylon, 60 percent by Weight Phenolic Resin 
Ablative Composite.
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interest (500®F - 5500°F) one could examine the beha­
vior of the equilibrium conversion of each reaction with 
temperature. The rule of thumb used was to eliminate 
from further consideration those reactions which had an 
equilibrium conversion of 5% or less at 5500°F. This is 
justifiable since kinetically their conversion would 
have been much less. We are assuming, of course, that 
the equilibrium conversion is determined in the endother­
mie direction. In Appendix H, the equilibrium conversion 
with respect to temperature for 99 possible chemical 
reactions is presented. These reactions were obtained 
from possible combinations of the pyrolysis products as 
presented in Table 5-1. It should be noted that many of 
the reactions considered, although thermodynamically 
feasible, were eliminated, since either one of the reacting 
species did not exist as a pyrolysis product, or could not 
be formed by any combination of important reactions. One 
example of this is the dissociation of N2O as given by 
reaction 7 in Table H-3. As shown in Table 5-1, there is 
no N2O present as a product of pyrolysis degradation, 
and practically none can be formed by the oxidation of 
nitrogen as indicated by the equilibrium conversion of 
reaction 17 of Table H-3. Therefore, there was no need to 
consider the dissociation of N^O in the kinetic analysis, 
and this sort of reasoning was used to eliminate other
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reactions.
Isothermal Analysis Technique: In Tables H-1 through
H-7 a list of possible chemical reactions is presented 
along with the equilibrium conversion of these reactions.
In these taÜDles it is shown that many of the possible 
reactions do not have appreciable conversions, even at 
the higher temperatures and could be, therefore, elimina­
ted from further consideration. In many instances as 
previously mentioned, reactions which were thermodynami­
cally favorable were eliminated because their reactants 
did not exist, or could not be formed as products from 
the pyrolysis reactions. This point was illustrated with 
the N2O dissociation reaction. However, there was a 
remaining group of reactions (too many to have been 
considered in the analysis) that could not be eliminated 
from consideration by any of the two previously mentioned 
procedures. Therefore, a criteria was developed to determine 
the kinetic importance of the remaining reactions in the 
temperature range from approximately 500°F to 5500°F.
By analyzing the conversion of the flow of an equal molal 
mixture of the reactants, one was able to infer the im­
portance of such a reaction. The mass flux used was 
0.01 Ibs/ft^-sec. and a char thickness of 0.25 inches 
with a porosity of 0.8 .
In Figure 5-1 the conversions are presented for two 
reactions. These are the thermal decomposition of ethylene




















500 1000 1500 2000 2500 3000
Temperature F
Figure 5-1. Conversion of Pure Ethylene and
Pure Acetylene at Isothermal Con­
ditions (500°F - 3000 p).
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and acetylene species. It can be concluded by examining 
this figure that there could be no conversion of ethylene 
within the char for temperatures less than 1000°F and 
no conversion of acetylene for temperatures less than 
2000°F. However, the thermal cracking of ethylene would 
be of importcince for temperatures above 1000°F and for 
acetylene above 2000®F. In most instances the other 
reactions examined remained frozen below 1200 to 1500°F.
But usually once the reaction started it would react very 
fast. This behavior, which is typical of reactions with 
high activation energies (>50 Kcal/mole) and high frequency 
factors (>10^^), was observed in the analysis. This very 
fast take-off of many of the reactions considered in the 
kinetic analysis was the cause of most of the numerical 
problems encountered in the integration of the equations 
of change. This behavior manifested itself in a condition 
known as stiffness, and more is said about this in a 
latter section.
To make the discussion quantitative, the conversion 
of a reactant is defined as the ratio of the amount 
consumed by reaction to the amount initially present. To 
determine the conversion of a chemical reaction a material 
balance is made on component j flowing through a volume­
tric section of the char having a cross-sectional area.
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Figure 5-2. Schematic Diagram of the Char 
Layer.
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A, and a width A z as shown in Figure 5-2. If is
the molal flux of component j at z, the material 
balance on component j for steady flow in the z direction 
is:
'KjMwjA'z + a: - = 0 (5-*)
dividing the above by M .A results in the following 
equation:
(Nj)z+Az - (Nj)z - (5-5)
The above equation expresses the change in molal 
flux of each species as it reacts through the isothermal 
reactor. This equation is solved by a simple finite 
difference scheme from which the conversion Xj is cal­
culated as follows;
- (Njo ■ Kj'/Hjo (5-6)
where N^_ is the molal flux of component j entering the
J O
char zone. By using this scheme the set of important 
chemical reactions was obtained and they are listed in 
Table 5-2. The computer program implemented solution 
for the finite difference Equation is listed in Appendix
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TABLE 5-2 Chemical Reactions of Importance Considered 
in the Non-Equilibrium Flow Analysis
1. CH4 = CHj +
2. CH4 = CH3 + H
3. 2CH3 = CgHg
4. CgHg = C2H4 + H2
5. C2H4 = C2H2 + H2
6 . C2H2 = 2C + K2
7. C2H2 = C2H + H
8 . C + HnO = CO + Ho 
(s)
9. C + CO, = 200 
(s)
10. H2 + M = 2H + M
11. H2O + M = H + O H + M
12. H + CO2 = CO + OH
13. CO2 = CO + 0
14. CgHgO + H2 = H2O + CgHg
15. CgHg = 3C2H2
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D. The chemical reactions selected to simulate the 
chemical behavior of the pyrolysis gases are presented 
in Table 5-2.
Selecting the Right Data
The procedure developed to analyze and screen the 
many possible chemical reactions which occur in the 
C-H-O-N as explained in the previous section, was helpful 
in selecting a set of reactions which would most closely 
represent the actual chemical behavior of the pyrolysis 
gases. We recall that this selection is based on the 
use of the isothermal analysis technique. This technique 
computed the isothermal rate of conversion of a reaction 
over a temperature range. The degree of conversion over 
this range allowed us to form a judgement as to the im*- 
portance of a given reaction. If a reaction was judged 
to be important {conversion> 5 percent) it was included in 
the analysis, otherwise it was eliminated. Once the reac­
tions were selected, one additional problem remained.
This was the selection of data from a number of sources 
which qualitatively predicted the right trend in the reac­
tion but which predicted quite different conversions. In 
other words, the problem was what to do in cases where two 
sources of data existed for a given reaction, which predict
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different conversions at given isothermal conditions. The 
approach to this problem is explained below.
Comparison of Isothermal Conversion With Equilibrium 
Conversion
The comparison of the isothermal conversion with the 
equilibrium conversion over the temperature range of 500°F 
to 5500°F eliminated a great deal of the data selection 
problem. In most cases, the comparison showed that only 
one of the data sources would remain within the equilibrium 
constraints for a given reaction. Therefore, the choice 
of which source of data to use was obvious in these cases. 
However, there were instances in which the reaction rate 
data predicted concentrations in violation of known ther­
modynamic equilibrium constraints. This is attributed to 
the fact that in most cases the kinetic data was being 
extrapolated beyond the temperature range of applicability.
Rather than to eliminate these reactions it was 
decided to force them to be within the equilibrium cons­
traints. This was achieved by using a reverse reaction 
rate constant calculated from the well known equation which 
relates the reverse constant with the equilibrium constant 
and the forward reaction constant. In doing so, a set of 
reactions that met equilibrium constraints was obatined. 
Again more than one source of data existed for each one of 
these reactions.
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Fortunately, of the 15 reactions that were selected to 
simulate the kinetics, only four fell in this category, 
and are shown in Table 5-3. Therefore, a parametric stu­
dy was conducted to evaluate the effect that each of 
these four reactions had on the kinetics analysis when 
a different source of data was used. The results showed 
less than one percent variations between the predicted 
values of the energy absorbed for each reaction. These 
small variations are attributed partly to the use of 
a reverse reaction rate constant (consistent with equi­
librium) which tended to dampen out the differences in 
the values of the forward reaction rate constants. An 
explanation on how the parametric studies were conducted 
is given in the following chapter.
Discussion of the Kinetic Data for the Important Chemical 
Reactions in the Char Zone
Table 5-4 presents the list of the 15 reactions used 
in the non-equilibrium flow analysis. It also presents 
the kinetic data and literature sources of these reactions. 
The source of the preferred value is underlined.
Methane Decomposition; Reactions 5-1 and 5-2 were 
used to describe the decomposition of methane. Reaction 
5-1 decomposes to CH2 and H2 . Data for this reaction were
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C/)'W TABLE 5-4 Important Reactions and Associated Kinetic Data for the Pyrolysis Products of Nylon Phenolic Composites Between 500-6000°F.§ General Form of the Reaction; aA+bB+,,...+=rR+sS+.• • ♦ +
O General Rate Constant Equation: k=k°T"^ EXP(-E/RT)3CD Reaction Rate Activation Energy Frequency
8 Number Reaction Law E, (KGAL/gm-mole) Factor S References"O
CQ' 5-1 OH^=OHg+Hg 91. 4.5x10^5 0 37, 563"
i 5-2 CH,=CH^=H4 3 103. l.xlO^^ 0 58,36,40,41,42,43
3CD 5-3 20H^=02Hg 28.2 1.5x10^° 0 44
"nc
3.
5-4 69.0 9x10^^ 0 ^,45,46,47,48
3"CD 5-5 k / 72.0 1 .1 x 10 ^ 5 0 41,4^,46,49,50,51,52
CD■D3 5—6 02Hg=20+H2 k / 30.0 1.7x10^ 0 41,25,46,49,50,51,52
Q.C
a 5-7 02H^=0^H+H 35.5 4.5x10^^ 0 Mo"3"O 5-8 O+HgOaCO+Hg kjA 71.9 2.3x10^^ •0.5 61,55,56,57,58,59,60
O3" 5-9 C+C0g=200 V 85.0 1.5x10^° 0 62,63,64,65,66,67,68,69CT
1—HCDQ. 5-10 H2+M=2H+M kfAB 103.2 3.6x10^® 0.82 24,73,75,76
g
1—H3" 5-11 HgO+M=OH+H+M k > B 118 1.7x10^^ 1.31 22,74,67O
5-12 G0g=C0+0 k / 71.9 2.3x10^^ •0.5 62,72,74,78,79
"8
3 5-13 H+G02=G0+0H k^AB 53. 1.3x10^5 0 78(/) 13(/)o' 5-14 6«6 k / B 45.0 2.X10 0 71,72




reported by Palmer and Hirt (36) and Kozlov and Knorre 
(37). An activation energy of 91 Kcal/mole and a fre­
quency factor of 4.5 x 10^^ sec“  ̂were reported by Palmer 
and Hirt (36). Kozlov and Knorre (37) reported an acti­
vation energy of 101 Kcal/mole and a frequency factor of 
1.26 X 10^4 sec"l. The data from both of these sources 
were used in the prediction of the total energy absorbed.
It was observed that there was a negligible difference 
(less than one half of one percent ) between the predicted 
values of the energy absorbed using the data of Palmer 
and Hirt (36) and that of Kozlov and Knorre (37). As a 
matter of interest to the reader, the calculated values 
reported in the latter part of this chapter for the total 
energy absorbed were those using the data of Kozlov and 
Knorre (37). The reverse reaction rate constants were 
not reported in the literature, however, they were easily 
computed knowing the forward reaction rate constant and 
the equilibrium constant. The equilibrium constant was 
calculated as a function of temperature using a modified 
version of the equilibrium analysis program described in 
Chapter IV. These values were fitted using an expression 
of the form e ^  The values for the constants A and 
B are given in Table 5-5 for the 15 chemical reactions used 
in the kinetic model.
A second competing reaction was used to describe the








TABLE 5-5 Constants for the Equilibrium Constant Tit of the important 
______________Chemical Reactions.____________________________________________
General Form of Backward Constant: K^^EXP(A+B/T)



















Number Reaction Rate Law
Constants
A ^ i r ^ ----- -BxlO^^
5-1 CH4=CH2+H2 KbRS .1664396 .436510
5-2 CH4=CH3+H KfaRS .1725282 .5315890
5-3 2CH3=C2H6 KfaR .2030536 .4381153
5—4 KbRS .1604147 .1715366
5-5 C2H4=C2H2+H2 KbRS .1538761 .2100359
5-6^ C2H2=2CMÏ2 KbR -.0597961 -.2595788
5-7 C2H2“C2HMI KbRS -.1603705 -.5805091
5-8 C4-H20=C0+H2 KbRS .1717659 .1626795
5-9 C+C02=2C0 KbR .2068289 .2015984
5-10 H2+M=2H+M KbR2 .1465827 .5507806
5-11 H20tM=OH+H+M KbRS -.1615115 -.6283391
5-12 C02=C0+0 KbRS .1787079 .6348669
5-13 H+C02=C0+0H K^RS .0446038 .1056866
5-14 CgHGO+HgcHgO+CgHG KbRS -.0542079 -.0946318
5-15 C6Hg=3C2H2 KbR^ .3830254 .6562869
K)Muy
2 1 6
decomposition of methane. This is reaction 5-3 which 
shows the decomposition of methane to methyl radical 
(CH3) and hydrogen radical (H). For this reaction the 
data published by Palmer and Hirt (38) was used. The 
activation energy reported was 103 Kcal/mole with a fre­
quency factor of 1.0 x 10^^ sec“ .̂ This data was reported 
by Pike (39) as preferred in his critical evaluation of 
rate data for reactions in the C-H-O-N system. The range 
of activation energies in the literature varied from a 
low value of 73 Kcal/mole to a high of 103 Kcal/mole (36, 
38,40,41,42,43). Frequency factor variations between 
4.5 X 10I3 to 1.0 X lol5 sec”  ̂were also reported.
Formation of Ethane: Reaction 5-3 was used to re­
present the formation of ethane from two methyl radicals. 
These radicals are formed in the decomposition of methane. 
The activation energy used was 28.2 Kcal/(gm.mole-sec). 
There was only one source of data known to this author 
for this reaction and it is reported by Steacie (44).
Decomposition of Ethane: Reaction 5-4 was used to
describe the decomposition of ethane. In this reaction 
ethane decomposes to ethylene and hydrogen. Data for this 
reaction have been reported by a number of authors. These 
include Gulyaev and Polack (45), Kozlov and Knorre, Shah
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(46), Bartlett and Bliss (47) and Steacie and Shane (48).
An activation energy of 69 Kcal/gm.mole and a frequency 
factor of 9xlol3 sec”  ̂were reported by Gulyaev and Po­
lack (45). Kozlov and Knorre (41) reported an activation 
energy also of 69.0 and a frequency factor of IxlC^^ sec"^. 
This is very close to the data by Gulyaev and Polack (45) 
which reported a frequency factor of 0.9x10^* sec”"̂  and 
an activation energy of 69.0 Kcal/gm.mole. An activation 
energy of 64.1 Kcal/gm.mole and a frequency factor of 
3.14x10^^ sec~^ were reported by Bartlett and Bliss (47) 
which is also close to the data of Kozlov et.al.(41) and 
Gulyaev et,^.(45). Shah (46) reported an activation 
energy of 83 Kcal/gm.mole and a frequency factor of 6.04x 
lO^G sec” .̂ Both the activation energy and the frequency 
factor of Shah are way out of line to those of the three 
previously mentioned sources. For this reason the data 
of Shah was not used.
The range of activation energies and frequency factors 
reported (41,45,46,47,48) were 64 to 82 Kcal/gm.mole and 
3.14x10^3 to 6.04x10^® respectively.
The calculations of the total energy absorbed reported 
in the latter part of this chapter were based on the data 
of Kozlov and Knorre (41) for ethane decomposition.
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Decomposition of Ethylene; The thermal degradation of 
ethylene to acetylene and hydrogen is given by reaction 
(5-5). Data for this reaction has been reported by Kozlov 
and Knorre (41), Gulyaev and Polack (45) and Shah (46).
The activation energy and frequency factors reported by 
Kozlov and Knorre (41) and Gulyaev and Polack (45) were 
identical. Both reported an activation energy of 40.0 
Kcal/gm.mole. However, Kozlov and Knorre (41) gave a tem­
perature range of 1300-2000°K where the data would be 
applicable, while Gulyaev and Polack (45) gave a temperature 
range of 1600*-3700°K. The range of activation energies 
and frequency factors reported (41,45,46) were 40.0 to 
76.0 Kcal/gm.mole and 2.57x10^ to 1.8x10^^ sec respec­
tively .
A value of 40. Kcal/gm.mole amd a frequency factor of 
2.57x10® sec"l were used in the kinetic analysis.
Acetylene Decomposition; The thermal decomposition 
of acetylene to carbon and hydrogen is given by reaction 
(5-6). The number of data sources for this reaction was 
greater than average. One would think that a reaction so 
well studied, and of such commercial importance would show 
good agreement among the sources. Unfortunately, the 
opposite was the case. The greatest discrepancy in the cal­
culated values of the energy absorbed were observed when
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using different sources of data for this reaction. The 
difference amounted to about four percent.
Data for this reaction were reported by Kozlov and 
Knorre (41), Gulyaev and Polack (45), Shah (46) , Happel 
and Kramer (49), Aten and Greene (50), Leroux and Mathieu 
(51), and Chase and Weingberg (52). Both Kozlov et.al.
(41) and Gulyaev et.al.(45) reported a frequency factor 
of 1.7x10® and an activation energy of 30.0 Kcal/gm.mole. 
Kozlov et.al.(41) gave 2000®K as the temperature at which 
these data were applicable. Gulyaev et.al.gave a much 
wider temperature range of 1600°K to 3700°K.
Shah (46) reports an activation energy of 62 Kcal/ 
gm.mole, twice that of the two previous authors, and a 
frequency factor of 9.7x10^^ which is 50,000 times greater. 
Because of the higher activation energy and larger frequency 
factor, the data of Shah (46) would predict acetylene de­
composition over a smaller range than the data of Kozlov 
(41) and Gulyaev (45). The data of Shah for ethane and 
ethylene decomposition also poses these characteristics.
The frequency factor of Happel and Kramer (49), 
5.1x10^^, is of the same order of magnitude as that repor­
ted by Shah (46). However, the activation energy is 
approximately three and a half times smaller.
Aten and Greene (50) report an activation energy of
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of 14.5 Kcal/gm.mole, slightly lower than Happel and Kramer 
(49), but half that of Kozlov (41) and Gulyaev (45). A
7frequency factor of 4.0x10 was given, which is twenty- 
three times greater than Kozlov and Gulyaev but 3000 
times smaller than the one reported by Happel and Kramer 
(49). It is also about 2500 times smaller than the data 
of Shah (46) . The temperature range for which the data 
is recommended is 900-1700°K. A much smaller temperature 
level than the 1600-3700°K range recommended by Gulyaev 
(45).
Leroux and Mathieu (51) report a frequency factor of 
1.0x10^ and an activation energy of 12.5 Kcal/gm.mole.
These values are completely out of line with those repor­
ted in the literature by other authors. The temperature 
range for which these values are recommended are 298-398®K. 
Obviously, too low for the temperature range of interest in 
this research. The values of Leroux and Mathieu were never 
considered and they were not used in the study of the effects 
of kinetic data on the predicted values of the energy 
absorbed. The basis for this decision is obvious.
The data of Kozlov and Knorre (41) and Gulyaev and 
Polack (45) were used for reaction (5-6).
Reaction (5-7) was also used to describe the thermal 
decomposition of acetylene. The data of Eschenroeder and 
Lordi (54) was used to simulate this reaction. They reported
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an activation energy of 35.5 Kcal/gm.mole and a frequency 
factor of 4.5x10^^. This was the only single reference 
found for this reaction.
Carbon-Steam Reaction; The reaction of carbon with 
steam to produce carbon monoxide and hydrogen is given by 
Equation (5-8). This reaction has been extensively 
studied and the amount of data available is copious (55, 
56,57,58,59,60,61). The reaction has been established to 
be first order and activation energies of 26-90 Kcal/gm.mole 
have been reported. Most of this data in the literature is 
geared towards industrial applications and therefore the 
form in which the data was presented was not easily ap­
plicable to a generalized reaction kinetics routine. 
Fortunately, the data of Walker et.al.(61) for the graphite 
steam reaction was presented in Arrhenius forms, which 
conforms to the type of expression used in the kinetics 
subroutine. Walker et.al.(61) report an activation energy 
of 71.9 Kcal/gm.mole, and a frequency factor of 2.3x10^^ 
sec” .̂ The activation energy is close to the value of 70 
Kcal/gm.mole reported by Pike (4) in his literature 
evaluation.
Carbon-Carbon Dioxide Reaction; This reaction has also
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been thoroughly studied in the literature because of 
important industrial applications. Data for this reaction 
has been reported by Wu (64) , Gadsby et.al. (65) , Lewis 
and co-workers (66) , Harper (67), Austin and Walker (68), 
and Glovina (69). The form of the reaction rate for the 
data of references (28-31) is;
r -=02 -   (5.;,
(1 + + ksPcoz >
where k^, kg and kg are constant and and P^g are the
partial pressure of CO2 and CO respectively. The previous 
form of the equation was not used. Instead the form used 
was ki(A) where (A) represents the concentration of CO2.
In other words, the reaction was assumed to be first order 
with the concentration of COg. This approach was taken 
due to a suggestion by Swann (70) in which he pointed out 
that the CO2 data available in the literature was for partial 
pressures of COg much lower than the ones that would be 
encountered in re-entry simulation. Therefore, the litera­
ture data would not be any more accurate than the first 
order approximation. This approach was used by April (71) 
and Pike et.al.(72). They reported an activation energy 
of 50 Kcal/gm.mole, and a frequency factor of 1.0x10^.
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However, the activation energy used in our research was 
35 Kcal/gm.mole and a frequency factor of 1.0x10^^, This 
is the data reported by Walker (62),
Hydrogen Dissociation; The hydrogen dissociation 
reaction. Equation (5-10), is another reaction that has 
been thoroughly studied in the literature. Ellis et.al. 
(73), Kaskan and co-workers (74), Fenimore (75), and 
Gardiner and Kistiakowsky (76) among others, have reported 
values for the activation energy and frequency factor of 
hydrogen dissociation reaction. The data of Kaskan and co­
workers (74) was used in the kinetic analysis. They re­
ported an activation energy of 103.2 Kcal/gm.mole and
18a frequency factor of 3.6x10 . Similar values were also
reported by Bartlett and Bliss (45) in their studies of 
methane decomposition.
It was observed in the kinetic analysis that no 
appreciable dissociation of hydrogen occurs below 2500°F 
which is in line with the high activation energy reported 
in the literature. This is also consistent with thermo­
dynamic equilibrium calculations obtained with the chemical 
equilibrium program. This reaction was not used by April 
et.al,(71, 72) since their analysis was restricted to a 
maximum temperature of 3000°?, and is in line with our 
findings that reactions do not appreciably occur below
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temperatures of 2500°F.
Water Dissociation: The thermal dissociation of water
to hydrogen and hydroxyl radical is given by reaction (5-11).
Harper (67), Ellis et.al.(73) and Kaskan (74) report values
for the activation energy and frequency factor of water
dissociation. Harper reports an activation energy of 7.7
Kcal/gm.mole and a frequency factor of 2.SxlO^^cm^/mole-sec.
This is in marked contrast with higher values reported by
Ellis et.al.(73) and Kaskan (74). The values used in the
kinetic analysis were those reported by Ellis et.al.(73)
18and are 103.1 and 3.6x10 for the activation energy and 
the frequency factor respectively.
Carbon Dioxide Dissociation: The carbon dioxide dis­
sociation is given by reaction (5-12). Data for this reac­
tion has been reported by Harper (67), Jensen and Kurzuis 
(78), Mahan and Solo (79) , Davies (77), and in the literature 
review of Kaskan and Browne (74). Pike (4) in his literature 
review recommends the values reported by Davies. These are 
an activation energy of 74.4 and a frequency factor of 
2.44x10^1. The values used in the kinetic analysis were 
reported by Harper (67) and are; 71.9 Kcal/gm.mole for the 
activation energy and 2.3x10^^ for the frequency factor. 
Uncertainties in the value of the kinetic data for carbon
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dioxide dissociation could not have had a very large impact 
in the predicted value of the energy absorbed since the ini­
tial mole fraction of CO2 is of the order of 10” .̂
Carbon Dioxide-Hydrogen Reaction; The carbon dioxide 
hydrogen reaction which results in the production of carbon 
monoxide and hydroxyl radicals, is given by reaction 5-13.
This reaction is important only at higher temperatures 
(>3000°F) where the concentration of the active species 
(hydrogen and OH radicals) are significant. An activation 
energy of 33 Kcal/gm.mole and a frequency factor of 1.3 x 
10^5 reported by Fristrom (78) were used in the kinetic 
analysis. This reaction was added to the kinetic analysis 
for the sake of completeness. Its contribution to other 
energy absorbing reactions is insignificant.
Phenol Hydrogenation; The phenol hydrogenation reaction 
to water and benzene is given by reaction (5-14). This 
reaction was included in the analysis based on the experi­
mental studies of April (71,72). Phenol reactions have been 
studied by many investigators (81, 82, 83, 84, 85). However, 
no kinetic data has been reported for this reaction, April 
(71) calculated a frequency factor of 2x10^^ cm^ mole"! sec"! 
based on kinetic theory. He recommended an activation ener­
gy of 45 Kcal/gm.mole based on his comparisons with heats of 
reactions of phenol related components, such as ethyl benzene 
(48,9 Kcal/gm.mole). 0-Xylene (47.3 Kcal/gm.mole), mesitylene
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(47.6 Kcal/gm.mole) and hydrindcl (45.8 Kcal/gm.mole).
Benzene Decomposition; The decomposition of benzene 
is given by reaction (5-15). The data for this reaction was 
reported by Pike (4). An activation energy of 52 Kcal/gm- 
mole and a frequency factor of 1.4x10^ sec“^ was used.
Decomposition Kinetics of Ablative Composites
In the earlier part of this chapter we discussed the 
kinetic of the pyrolysis gases in the char zone. In this 
section we will briefly explain the technique and the data 
used to describe the kinetics of the degradation of the po­
lymer composite.
The analysis of decomposition in depth requires that the 
rate of mass loss, or rate of temperature change with densi­
ty be known. Data for the densities of virgin and degrading 
composites as a function of temperature have been reported 
by Sykes and Nelson (86) and Madorski (87).
The data of Sykes and Nelson (86) is particularly useful 
since it is for phenolic-nylon resins; The data was obtained 
using thermogravimetric analysis techniques. In Chapter II, 
the importance of using a kinetic equation of the Arrhenius 
type to correlate the experimental mass loss rate data for 
polymers was discussed. It was indicated in this chapter 
that the mass loss of material was affected by the heating 
rate, and that this effect was a source of difficulty for 
earlier researchers modeling the decomposition process.
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Sykes and Nelson (86) used a pseudo-order kinetic ex­
pression of the Arrhenius type to eliminate this influence, 
The equation is:
, n. (5-8)
dt“  Pi,o"Pi-Pc,i'/Pi,o) h  exP(-Ei/RT)
Equation (5-8) expresses the rate of change of density
of a polymer with temperature, p. is the initial or virgin1, o
density, f ̂ is the density of the material at temperature 
T, the residual or char density, emd Aj_ and are the 
well known frequency factor and activation energy parameters.
In the present mathematical analysis it has been assumed 
that when an ablative composite degrades, it degrades inde­
pendently of the other components? that is, no interaction 
is assumed to occur among the composites. There is no known 
experimental data that takes into account these interactive 
effects. Therefore, of necessity, this simplifying assump­
tion has been made. This is mathematically expressed as:
= V dP . (5-9)
Hz
and for quasi-steady flow the time dependent term can be 
modified by:
ÉÊ = V ^  (5-10)
dt dz
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Thas, knowing the kinetic parameters for the various com­
ponents in a blend of virgin material, specifying the surface 
recession velocity, and the temperature history from the 
energy equation, the variation in density of the virgin ma­
terials can be predicted by the use of Equations (5-8),
(5-9) and (5-10).
Differential Thermal Analysis; The DTA thermograms of 
nylon, phenolic and phenolic microballoons which compare the 
phenolic-nylon composite as obtained by Sykes and Nelson 
are shown in Figure 5-3. The results shown were obtained by 
heating the material at 10°C/min in a helium atmosphere to 
the temperature shown. The reactions which occurred upon 
heating are either endothermal or exothermal, with the endo- 
thermal reactions extending downward from the base line 
A T=0.
As shown in Figure 5-3 the thermogram of nylon undergoes 
two endothermie processes, one with the peak at 260°C and 
the second at approximately 417°C. As explained by Sykes 
and Nelson (86), the first endotherm is associated with the 
melting of the Crystalline portion of the polymer (heat of 
fussion = 73.6 KJ/Kg of original material) while the second 
corresponds to decomposition. The decomposition, which 
occurs between 350°C and 500°C, absorbs 630 KJ/Kg of original 
material. According to Sykes and Nelson (86) "the apparent 
exothermal portion of the thermogram after 470°C results from 
the change in the total heat capacity accompanying decomposi-
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Figure 5-3. Differential Thermal Analysis Thermogram 
of Nylon, Phenolic and Phenolic Micro- 
balloons as Reported by Sykes and Kelson 
(86).
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tion”.
The center thermogram of Figure 5-3 is for phenolic 
which is used as the binder in the phenolic-nylon composite. 
The thermogram shows an exothermal reaction at 265°C fo­
llowed by two overlapping endothermal decomposition reactions 
at 450°C and 625°C. The exothermal reaction evolves 68 KJ/ 
Kg, and the pyrolysis reactions between 350°C and 850°C 
absorbed 293 KJ/Kg.
The thermogram for the phenolic microballoons, which is 
shown in the lower portion of Figure 5-3, is composed of 
small hollow micro-spheres of phenolic. The decomposition 
of this material is very similar to the phenolic binder.
The exothermal reaction occurs approximately at 270°C and 
evolves about 47 KJ/Kg while the two overlapping endothermal 
reactions between 350°C and B50°C absorb 377 KJ/Kg.
Thermogravimetric Analysis ; In conjunction with their 
DTA work, Sykes cind Nelson (86) report the results of the 
thermogravimetric analysis (TGA) of the three separate cons­
tituents, Figure 5-4 shows the TGA plot of the residual mass 
fraction as a function of temperature.
The TGA data of Sykes and Nelson (86) shows one sharp 
mass loss between 350°C and 500°C for nylon. Almost all of 
the nylon is converted to gaseous product through this tem­
perature range with less than ten percent remaining at 500°C.
The TGA thermogram of phenolic and phenolic micro­
balloons also shown in Figure 5-4, shows the mass loss rate
















Figure 5-4. Thermogravimetric Analysis Thermogram
of Nylon, Phenolic and Phenolic Micro­balloons as Reported by Sykes and 
Nelson (86).
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to continue through 850°C. Sykes and Nelson (86) determined 
that the residue of both phenolic materials was 54 percent 
of their original mass.
The results of analysis of the three materials used in 
the composite phenolic-nylon material were very conveniently 
summarized by Sykes and Nelson (86) in a form which could be 
conveniently used by Equation (5-8). Table 5-6 shows their 
summaury.
The data shown in Table 5-6 was used in this research 
to compute the mass loss rate of the phenolic-nylon resin.
Silicone Elastomers; The decomposition of silicone 
elastomers was computed using the same procedure as for 
phenolic-nylon; i.e., using Equation (5-8) to compute the 
degradation process.
At the time these computations were performed, Sykes 
had not published his results and the numbers presented in 
Table 5-7 were obtained by private communication with him 
(88).
As shown in Table 5-7, a single reaction was used to 
describe the decomposition of this elastomer.
The advantage of using Equation (5-8) as a general 
equation is that it will allow future use of the program for 
other ablative composites as their kinetic constants become 
available.
The data shown in Tables 5-6 and 5-7 were used in this 
research to compute the degradation rate of the two compo-





















TABLE 5-6: Kinetic Parameters for the Degradation of Nylon, Phenolic











Nylon 1 232 8.3x10^^ 1.0 68.6 5.15
Phenolic
Resin 3 114 5.1x10® 3.0 80.0 43.28
100 2.5x10® 1.3
140 2 .0x10*̂ 3.1
Phenolic













































Elastomers 1 181 5.37x10^® 1 62.08 2.48
toU)
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sites. The decomposition rate computed from these data 
coupled to the char kinetic analysis (for the phenolic com­
posite only) and the equilibrium analysis (for both compo­
sites) constituted the novel approach in this research. The 
results of this approach are presented in the next chapter.
Numerical Difficulties Encountered When Integrating The 
Chemical Kinetics Equations
Numerical difficulties were encountered when the energy 
and species continuity equations for finite rate chemistry 
were simultaneously solved using a fourth order Runge-Kutta. 
The step size of the Runge-Kutta analysis was determined by 
the kinetics of the reacting flow. To preserve stability 
it was necessary, in many instances, to maintain a small 
step size, as small as 10“® feet, in regions where the flow 
was undergoing very rapid chemical changes. This condition 
created by the very rapid chemical reactions caused the in­
tegration to proceed very slowly. This numerical condition 
is known as stiffness (1, 10-15). It occurs in many physical 
systems which give rise to ordinary differential equations.
It occurs when the simultaneous relaxation of different 
components vary at greatly different time rates. Mathemati­
cally it is observed when the eigenvalues of the differen­
tial equations are widely separated (13-15). A parasitic 
eigenvalue is one that is associated with the extraneous 
solution of the difference equation used to approximate the 
differential equation. This extraneous solution grows with
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time, and will eventually dominate the numerical solution 
if it is not suppressed. The larger the parasitic eigen­
value, the more difficult is the suppression of the spurious 
solution. When the solution to the differential equation 
does not contain an exponential function the positive eigen­
value is called parasitic saddle and the negative, parasitic 
stiff. The integration interval is, thus, determined by the 
fastest rate, and the region of integration is determined by 
the slowest rate (11).
Physical Concept of Stiffness; The physical interpre­
tation of stiffness in a non-equilibrium reacting flow 
system is that the species are created and destroyed in a 
time scale that is orders of magnitude smaller than the time 
scale of the fluid particles. When the ratio of flow time 
to reaction time increases as the reaction is moving towards 
equilibrium, the parasitic eigenvalues increase, causing the 
equations to become stiff (21).
Mathematical Concept of Stiffness (20): Consider A to
be a nonsingular m x m matrix with eigenvalue A. 1=1...m.1
Let R^X^>G, i—l..,m. If max (R^X^)/min(R^A^) is a large 
number then the linear system of differential equations:
X = Ax (5-11)
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is said to be stiff. For nonlinear system a similar argu­
ment applies.
Most standard methods of numerical integration are not 
effective for stiff systems. Their deficiency lies in their 
inability to approximate the true value of the stiff compo­
nent. When this is achieved (as for example in the Fade 
approximation used by Magnus and Schectner (34)),the numeri­
cal difficulty is bypassed. For most standard methods, as 
is the case with the Runge-Kutta, the numerical integration 
is not effective for stiff systems. They require a stabi­
lity condition of the form:
max jh.A^J < const (5-12)
which makes h smaller as increases. When the eigenvalues 
of A have negative real parts, the condition 5.8 prevails 
for the duration of a calculation, even though the solution 
has essentially no dependence on theA^ (for which IRg Â | 
is large), except for a small initial interval.
To circumvent the restriction 5.8 for stiff system, 
different integration schemes have recently been published 
in the literature (1, 11, 12, 13, 14,15, 17, 18, 19, 20,
21, 22, 23, 24, 25, 26, 31, 32, 33, 34, 35). Numerical 
experiments with these schemes have shown them to be more 
effective, the stiffer the system (30). We shall examine 
some of them in the following paragraphs.
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Numerical Methods for Integrating Coupled Differential 
Equations With Varying Time Constants
In problems of high temperature flows, the chemical 
rate equations sometimes involve both fast and slow reac­
tions in some regions of integration. Integrating the che­
mical kinetic equations has been a major source of difficul­
ty because the very fast reactions determine the integration 
interval causing the step size to become very small, amd 
thus, increasing considerably computing time. Three 
procedures to integrate these equations have been used to 
solve this type of problem. These are the explicit series 
solutions (11, 12, 13, 14, 16, 19, 21, 24, 27, 28, 29), the 
implicit series solution (1, 10, 13, 14, 15, 17, 18, 19, 21, 
22, 23, 25, 26, 30), and Moretti's (31) linearization scheme 
which is also known as the subdomain method, or the method 
of rational approximation (19). One example of an explicit 
series solution is the Runge-Kutta analysis which has a 
small truncation error. As with all explicit techniques, 
this method has the advantage of being simple and straight­
forward. It requires only first derivatives and knowledge 
of the value of the independent variable at the previous 
step. It is a marching procedure which gives the value of 
the independent variable as the integration proceeds. The 
implicit methods, on the other hand, are much more compli­
cated to program since they require iterative solutions, 
and in most cases, they also require higher order deriva­
tives, as in the method of Lomax (14). However, they have
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the major advantage of requiring a larger step size to 
maintain stability, Near equilibrium when the step size is 
reduced, the implicit methods lose their value in speed and 
computation. Recently Liu (21) investigated both implicit 
and explicit methods of solution for solving non-equilibrium 
boundary layer problems. He claimed that the Runge-Kutta 
method was as good as any to obtain converged solutions. 
However, computer time was slightly higher than the other 
implicit techniques he investigated. The limit of the step 
size in the implicit method is dependent upon the magnitude 
of error introduced by truncation of the series used to 
approximate the solution and not on stability consideration 
(19) .
The third method of solution, rational approximation, 
was proposed by Moretti (31). In it Moretti linearized 
the rate term in the species continuity equation. Moretti's 
method presents the advantage of a smaller step size. How­
ever, it is more complicated to program than the Runge-Kutta 
analysis.
In conclusion, then, explicit techniques as the Runge- 
Kutta analysis are easier to program than the implicit 
techniques. However, they suffer from the disadvantage of 
requiring a smaller step size than implicit techniques.
They also fail when near equilibrium conditions exist; the 
implicit techniques do permit small advances toward equili­
brium "but at a price of excessive labor and computing time" 
(21) .
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Justification for Selecting the Fourth Order Runge-Kutta 
Analysis
In the previous section several of the most important 
techniques for integrating stiff equations were mentioned.
In this examination, it was indicated that implicit tech­
niques were unconditionally stable, while explicit techniques 
were conditionally stable and required a small value of h to 
keep them within the stability region. Even with this draw­
back, the fourth order Runge-Kutta was chosen as the integra­
tion scheme for this research. For our problem the case of 
programming far outweighted the computational speed of a 
more difficult technique to implement numerically. Besides, 
the implicit technique for one dimensional flow would have 
been attractive if the integration had to be performed over 
a distance of several feet, but not over a distance of 1/4 
inch as in this research. Moreover, Lomax (14) in his 
review of integration schemes for integrating stiff equations 
stated that "if nothing special is known a priori about the 
differential equation, the standard fourth order Runge-Kutta 
is probably the best. It is self-starting, has low computing 
storage capabilities, is easy to program, has good accuracy 
0(h5), and...is more stable than any of the standard predic­
tor corrector process". It is interesting to note also, that 
Liu (21) used a fourth order Runge-Kutta to solve the boun­
dary layer equations after a detailed study of different 
integration schemes which were developed to handle stiff 
equations.
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Selecting a Runge-Kutta Step Size to Maintain Stability 
Kliegel and Tyson (18) have shown a method for 
computing a step size h that would maintain the numerical 
integration for the Runge-Kutta technique to be stable.
This technique consisted in defining a fluid mechanic cha­
racteristic time, Tg , and a chemical relaxation time, Tg , 
respectively as:
Tf = L (5-9)
u
and
T_ = Ci - Ci* (5-10)
where L is a length and u a velocity, C^ is the actual 
concentration of species i, and C^* is the concentration 
if the system were at equilibrium, and dC^/dt is the rate 
of reaction of said species. To maintain stability it was 
required that:
Tf h <5.6 (5-11)
Tc
This is a simple and straightforward method for 
checking stability. However, it was estimated that to com­
pute at every step the equilibrium composition of all the 
species for our system would more than offset any gain of
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computing an optimum step size. Hence, a more rapid method 
of solving for a stable step size was required even if it 
did not provide the optimum solution of the step size.
Two empirical techniques were developed to compute a 
step size that would give a stable solution. One was to 
keep a double material balance, one on the gas species and 
one on the solid species. As long as these material ba­
lances checked to four significant figures, the solution 
was observed to be stable. This technique was rather suc­
cessful as long as all species were present in larger than 
trace amounts, or when reaction rates would not abruptly 
change. Unfortunately, this technique did not work well 
for very small mass fluxes (0.005).
The other technique developed was as follows:
Consider N^, the mass flux of species i and An ,̂ the change 
in mass flux of i due to a chemical reaction. If,
^^i < 0.1 (5-12)
N.i
the solution was observed to be stable.
This empirical criteria of Equation (5-12) works as 
long as the kinetics are controlling the step size. However 
it does not work at lower temperatures (1500°F) where the 
fluid mechanics step is the controlling element in the 
solution. This problem was circumvented by specifying a 
maximum step size that maintained stability when the reac­
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tions were very slow. The computer running time was on the 
average, 15 minutes on an IBM 360 Model 65.
Summary
The development of the non-equilibrium flow analysis 
has been presented. The success of this analysis lies in 
part in selecting the important chemical reactions in the 
temperature range of interest, which in this research is 
500°F to 5500°F. To select these chemical reactions a 
three step procedure was outlined. First, the composition 
of the pyrolysis gases had to be established as accurately 
as possible. This was necessary to determine all possible 
chemical reaction combinations based on the original pyro­
lysis products. Once these reactions were compiled, a 
thermodynamic equilibrium study was performed by computing 
the extent of each reaction by the free energy minimization 
technique. This second step helped to determine those reac­
tions which were not thermodynamically feasible in the 
temperature range 500 to 5500®F. The final step was to 
analyze the kinetic data for each of the chemical reactions 
left. This was done by computing the conversion of an equi- 
molal mixture of reactants flowing isothermally through
0.25 inch reactor.
The second part of this chapter dealt with the numeri­
cal implementation to describe the rate of finite reaction 
process. It was shown that the rate of reaction of a 
specie could be represented by a simple phenomenological
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expression of the form of Equation (5-2). The implementa­
tion of this equation for computer use is simple, however, 
its solution was the cause of many numerical problems. It 
was seen that these numerical problems, associated with 
reacting flow, have been attributed by many as a mathemati­
cal phenomena known as stiffness (1, 10-23, 31). Three 
numerical methods currently in use to integrate the coupled 
energy and chemical kinetic (continuity) equations were 
briefly described. These were the Runge-Kutta, implicit 
procedures, and the subdomain method, or method of rational 
approximation.
In the next chapter the results of the solution of 
the equations of change for decomposition in depth will be 
presented.
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CHAPTER VI 
ANALYSIS OF THE IN-DEPTH RESPONSE 
OF ABLATIVE COMPOSITES
The ablation phenomena of heat shield materials during 
reentry is comprised of a large number of complex chemical, 
thermal and physical processes. Three analyses were deve­
loped to predict heat shield performance, i.e., the total 
energy absorbed by an ablator. These analyses differ in the 
method of calculating the chemical generation term. When the 
chemical generation term is zero, the analysis is called 
frozen; when calculated from equilibrium thermodynamic con­
siderations it is called equilibrium; when calculated using 
reaction rate information it is called non-equilibrium or 
kinetics analysis. These analyses have been described in 
previous chapters.
The analyses developed in this research are to describe 
the energy absorbed in both the decomposition and char zone 
of char forming ablators. The first two analyses, frozen and 
equilibrium, were used to compute the lower and upper bounds 
of the energy absorbed by a nylon-phenolic resin composite and 
a silicon elastomer composite. The non-equilibrium flow ana­
lysis was used to compute the energy absorbed in the decompo­
sition zone and in the char zone of a nylon-phenolic resin 
composite only. This latter analysis was not
252
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«tended to the silicon elastomers for two reasons: One was
the lack of good kinetic data on the silicon-carbon reactions 
cind the other was the absence of reliable data on the compo­
nents and composition resulting from the degradation of these 
polymers. Accurate information on the species resulting from 
the degradation of the polymers is essential to develop an 
accurate and realistic kinetics analysis. That is, to pos­
tulate all the important chemical reactions requires an 
intimate knowledge of the species that form during polymer 
degradation. This information was not available for the 
development of a silicone elastomer kinetics model.
Results of the energy absorbed as predicted by the 
three analyses are presented in this chapter. Of the three 
analyses, equilibrium and non-equilibrium analyses are very 
close to each other in the prediction of the total energy 
absorbed, while frozen predicts a total energy absorbed 
which is approximately a factor of 10 lower than the other 
two analyses.
Energy Absorption in an Ablator
We have discussed in previous chapters the foundation 
for the development of the three methods of analyses used 
in this research which are frozen, equilibrium and non­
equilibrium. In this chapter, we are going to compare the 
results of the three analyses. We shall begin by explaining 
the principal energy absorbing mechanism in an ablator, both 
in the virgin plastic and in the char, and, to what extent
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
254
the three methods of analysis possess or lack these energy 
absorbing mechanisms. In addition, we will give an approxi­
mate temperature range at which these energy absorbing me­
chanisms become important contributing factors to the total 
energy absorbed in the ablator.
Energy Absorbing Mechanisms in the Virgin Plastic
In Chapter V we presented the data for the decomposi­
tion of phenolic-nylon by Sykes and Nelson (3). In Figure 
5-3 we showed the thermogram of nylon-phenolic and phenolic 
microballoon decomposition with the total energy absorbed 
for each of these ablator components. Using Sykes et. al.
(3) data, we calculated, for example, that at a surface 
recession velocity of 0.02 ft/sec, the gas mass flux gene­
rated by the decomposition of the virgin plastic for the 
non-equilibrium case is 0.4231 Ib/ft^-sec. From this data 
we also calculated the total heat absorbed by the decomposi­
tion process itself and found it to be approximately 91 BTU/ 
ft^-sec at the above mentioned surface recession velocity. 
The total energy absorbed in the virgin plastic, however, 
was approximately 99 BTU/ft^-sec. The difference of 8 BTU/ 
ft^-sec is the heat absorbed by the sensible enthalpy of the 
plastic, and of the sensible enthalpy of the gas generated 
by the plastic decomposition.
In conclusion, we can say that the predominant energy 
absorbing mechanism in the plastic zone is that due to the 
heat absorbed by the decomposition process of the plastic
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composites, and less than 10 percent to the sensible 
enthalpy gain of the plastic and the gas. In our analysis 
we did not segregate the decomposition process into a 
melting step and the actual decomposition or breakdown of the 
polymer. Rather, we lumped both together. However, by 
analyzing the data in Figure 5-3 we can see that, as expec­
ted, most of the heat absorbed is due to the breakdown of 
the polymer and 10-12 percent only is due to melting of the 
polymer.
Energy Absorbing Mechanisms in the Char
The energy absorbing mechanisms in the char are 
basically three. One is due to sensible enthalpy gain, the 
other is due to chemical reactions, and the third one is 
due to sublimation. In the case of the virgin plastic the 
energy absorbing mechanisms were independent of whether the 
analyses used were frozen, equilibrium or non-equilibrium 
since the treatment of the virgin plastic is independent 
of the method of analyses in the char zone. However, in the 
char zone for example, chemical reactions are a fvn^tion of 
which method of analysis we used. Therefore, identification 
of the temperature range at which each mechanism becomes 
important is much more difficult.
First Energy Absorbing Mechanism; Of the three energy 
absorbing mechanisms, two are related to chemical or phase 
changes. The energy absorbing mechanism in the frozen flow
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case is that associated with the heat absorbed by the gas 
(transpiration cooling) in conjunction with the heat absorbed 
by the solid carbon matrix (the char). Figure 6-1 shows a 
plot of the total energy absorbed as calculated by frozen, 
equilibrium and non-equilibrium case. As we can see from 
this plot, the total amount of energy absorbed by the frozen 
flow (transpiration cooling and sensible enthalpy gain of 
the char) is 1500 BTU/ft^-sec, while for non-equilibrium and 
equilibrium, the energy absorbed is 18300 and 19300 BTU/ft^- 
sec, respectively. We can see from this plot that transpi­
ration cooling plays a very small part in the total amount 
of energy absorbed in the char. Examination of the data of 
Figure 6-1 shows that sensible enthalpy gain of the gas and 
the solid matrix is an order of magnitude lower than that 
absorbed by chemical reactions.
Second Energy Absorbing Mechanism: The second energy
absorbing mechanism is that due to the heat absorbed by 
chemical reactions. This is best illustrated by comparing 
the difference in energy absorbed between equilibrium and 
frozen analyses. Figure 6-2 illustrates this difference.
This large difference is due to the highly endothermie che­
mical reactions that take place in the char zone. If this 
were not the case, the difference would not be that pronoun­
ced. Equilibrium analysis, however, is an ideal model of the 
reactions, and comparison of frozen and equilibrium analyses 
throws little light as to when reactions, in practice, become
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important energy absorbing mechanisms. However, a comparison 
of frozen and non-equilibrium analyses or kinetic analysis 
should show the difference. For example. Figure 6-3 com­
pares the total energy absorbed between frozen cuid non-equi­
librium at a total mass flux of 2.10 Ib/ft^-sec. Figure 6-4 
compares the two analyses also, but at a mass flux of 0.7 
Ib/ft^-sec. At the higher mass flux of 2.10, the decomposi­
tion/char zone temperature interface is approximately 2900°
F, where the gases start reacting quickly as is evident by 
the sharp difference in slope. At the lower mass flux of 0.7 
where the decomposition/char zone temperature interface is 
lower (rv2250°F), the gases also start reacting quickly.
The studies of April and Pike et. al. (2) also showed that 
reactions become important energy absorbing mechanisms at 
temperatures above 2000°F. To illustrate this point we show 
Figures 6-5, 6-6, 6-7 and 6-8. Figure 6-5 compares the 
temperature profiles for equilibrium,non-equilibrium and 
frozen flow at an assumed front surface temperature of 1500°
F and an imposed mass flux of 0.05 Ib/ft^-sec at the back 
surface of the char. This figure shows that both the frozen 
and non-equilibrium curves, for all practical purposes, are 
indistinguishable. This is because at the low temperatures 
of 1500OF the gases remain essentially frozen as the tempera­
ture is not high enough for chemical reactions to begin. 
Figure 6-6, on the other hand, shows that for an assumed 
front surface temperature of 2000°F the non-equilibrium and 
frozen flow analyses differ. Figures 6-7 and 6-8 which are
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plots for 2500 and 3000°? front surface temperature, respec­
tively, further illustrate this point. Therefore, we can 
state that kinetic reactions become important energy ab­
sorbing mechanisms above 2000°?.
Third Energy Absorbing Mechanisms; In ?igure 6-9 a 
comparison of the total energy absorbed versus temperature 
for equilibrium and non-equilibrium with the behavior of the 
carbon/gas ratio superimposed, is shown. As shown in this 
figure, the carbon/gas ratio for both analyses remain 
practically constant up to a temperature of 4800°?, At this 
temperature the ratios begin to decrease, but with equili­
brium decreasing at a faster rate. The reduction in carbon/ 
gas ratio is due in part to a mechanism known as sublima­
tion, where the solid carbon becomes a gas. It is this 
mechanism (i.e., sublimation) which accounts for the di­
vergence of the two analyses at the higher energy spectrum.
In conclusion, we have shown that there are three 
principal energy absorbing mechanisms in the char: trans­
piration cooling which is practically independent of 
temperature, except for the temperature effect on heat 
capacity; a reaction kinetic regime which begins at tem­
peratures above 2000°?; and a sublimation region which 
begins at temperatures of about 4800°? and above.
A Comn^ison of the Decomposition/Char Zone Boundary Condi­
tions Beiween Equilibrium and Kon-!ëquili'brium Analyses.
As we saw in ?igure 6-1, the decomposition-char zone
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interface temperatures are different. For non-equilibrium 
this temperature is determined when the density of the de­
grading plastic is equal to the density of the char. For 
phenolic-nylon the density of the virgin, undegraded polymer 
is approximately 35 Ib/ft^. As the polymer is heated the 
virgin plastic begins to degrade and looses mass (as a gas) 
but not volume. Therefore, the density of the polymer be­
gins to decrease as we integrate forward towards the char 
front.
There is a point at which the polymer density 
becomes equal to the char density, and we call this the 
decomposition/char zone interface. For phenolic-nylon this 
char density has been experimentally determined to be 13 lb/ 
ft^. Therefore when the polymer density reaches 13 Ib/ft^, 
the program enters the char zone and activates the kinetic 
model,
In the case of the equilibrium analysis we cannot 
use the density of 13 Ib/ft^ as the criteria for defining 
the decomposition/char zone interface. If we were to use 
this criteria we would find a discontinuity at the boundary 
between the two regions. This discontinuity would be in the 
mass flux of the gas predicted by the polymer decomposition 
kinetics and that predicted by the equilibrium analysis.
To avoid this discontinuity we define the interface at that 
point where the mass flux from the decomposition of the 
polymer equals that required by chemical equilibrium. Since 
the equilibrium composition of a mixture is only a function
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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of temperature/ pressure and elemental composition, we can 
determine a priori, for phenolic-nylon, what the equilibrium 
mass flux has to be as a function of temperature for every 
surface recession velocity. Having done this, the computer 
program checks at every integration step whether or not the 
mass flux generated by polymer degradation is equal to that 
required by equilibrium considerations. When these condi­
tions are met for equilibrium analysis, we define this as 
the decomposition/char zone interface. When the integration 
procedure enters the char, the gases are assumed to be in 
chemical equilibrium and the program continues to integrate 
the equations of change under this assumption.
It is interesting to note at this point that be­
cause equilibrium tends to overpredict the carbon/gas ratio 
as compared to actual experiments, the mass flux of gas 
formed by the degradation of the polymer required to match 
equilibrium conditions, is small. Therefore, as shown in 
Table 6-1 (P=0.1 atm.) we see that at the end of the decom­
position zone or beginning of the char zone, the gas mass 
flux for equilibrium is smaller than for non-equilibrium.
As we see the gas mass flux for non-equilibrium is approxima­
tely 61.6 percent greater than for equilibrium for a total 
mass flux pv, of 0.7 Ib/ft^-sec., (or a surface recession 
velocity, V, of 0.02 ft/sec). At a total mass flux of 2.10 
(v=0.06 ft/sec) the gas mass flux for non-equilibrium is 
61.4 percent greater. Table 6-2 is similar to 6-1 but the 
conditions are those for a pressure of 1 atmosnhere. At a













TABLE 6-1 ; Comparison of Equilibrium and Non-Equilibrium Analysis 
Gas Mass Flux at the Back Surface of the Char, at Various 
Surface Recession Velocities* and at a Pressure of 0.1 atmosphere
























Total Mass Flux is defined as the product of the initial density of the virgin 
polymer times the surface recession velocity. Since the density of the virgin 
polymer is approximately 35 Ib/ft^, the total mass flux at a surface recession 














TABLE 6-2: Comparison of Equilibrium and Non-equilibrium Analysis Gas Mass Fluxes at the Back Surface of the Char Zone, 
at Various Surface Recession Velocities and a Pressure 
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surface recession velocity of 0,02 ft/sec non-eqn.ilibriiim 
gas mass flnz is 63.2 percent greater than for eqnilibriiun. 
Therefore, the gas mass flnz at the back surface of the char 
is always greater for non-equilibriim than it is for equili­
brium, It is important that we keep in mind this fact, 
because it bears heavily on explaining the behavior of the 
equilibrium and non-equilibrium heat curves plots shown in 
this chapter.
Table 6 -3  and 6 -4  show the decomposition/char zone 
temperature interface at various surface recession veloci­
ties for 0 ,1  and 1 ,0  atmospheres respectively. We see in 
both of these tables that the temperature of the interface 
is lower for equilibrium than for non-equilibrium. This is 
expected since as we ei^lained before, the extent of polymer 
degradation required to meet the gas mass flux at the equi­
librium boundary conditions is less than for non-equilibrium. 
For example, at a surface recession velocity of 0 ,0 2  ft/sec, 
the temperature required to meet the equilibrium boundary 
conditions is 1 3 8 6 .9 °?  as is shown in Table 6 - 3 .  This is 
929°? less than for non-equilibrium. In comparing the two 
tables we can also notice that the temperature at the inter­
face is not affected by pressure. This is expected because 
the depolymerization kinetics are not a function of pressure, 
and as we said before, the plastic will keep degrading until 
it reaches a density of 13 lb/ft , which is the density of 
the char. On the other hand, pressure slightly affects the 
interface temperature in all the cases examined for equili-











TABLE 6-3; Comparison of Equilibrium and Non-Equilibrium Analysis 
Temperatures at the Back Surface of the Char Zone, at 
Various Surface Recession Velocities and a Pressure of 
0 . 1  atmosphere.
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TABLE 6-4 Comparison of Equilibrium and Non-Equilibrium Analysis 
Temperatures at the Back Surface of the Char Zone, at 
Variou‘5 Surface Recession Velocities and a Pressure of 
1.0 atmosphere.
surface Recession Velocities 
(ft/sec)











briuiti; the difference varying from a high of 2.7°F at 
v=0.02 ft/sec to a low of 0.09°F at v=0.06 ft/sec (see Tables 
6-3 and 6-4) . It should also be noted that the interface 
temperature monotonically increases with surface recession 
velocity for both equilibrium and non-equilibrium. This 
should be expected since the higher the surface recession 
velocity (or the total mass flux), that is, the more severe 
the conditions that we are trying to simulate are, then the 
steeper the temperature profile should be inside the ablator.
Table 6-5 and 6-6 show the chemical composition of 
the gases at the char back end for 0.1 and 1 atmospheres 
respectively. Each shows in addition one species composi­
tion at two surface recession velocities. As we can see in 
Table 6-5, the species composition for equilibrium varies 
depending on whether the surface recession velocity v, is 
0.02 or 0.06 ft/sec. This is not because the compositions 
are a direct function of surface recession velocity, but 
because the compositions are a function of back surface tem­
perature, which in turn is a function of surface recession 
velocity. (See Tables 6-3 and 6-4 which show how surface 
recession velocities affect decomposition/char zone tempera­
ture interface). As we examine Table 6-5 and 6-6, we can 
notice that the equilibrium compositions are slightly 
different at the two surface recession velocities, but yet 
do not vary for non-equilibrium. The same is true when we 
compare them at both 0.1 and 1.0 atmospheres respectively. 
Unfortunately, this should not be so, but as we have said
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TABLE 6-5: A Comparison of Species Composition at the Back
Surface of the Char for Equilibrium and Non-Equilibrium 
Analyses at a Surface Recession Velocity of 0.02 and 
0.06 ft/sec and a Pressure of 0.1 Atmosphere.
Equilibrium Non-Equilibrium






CH3 - - - -
CH. 0.0041 0.0008 0.0804 0.0804
C2Ë - - - -
C3H - - - -
C4H — — — —
C2H2 — — 0.0480 0.0480
C2H4 - - 0.0450 0.0450
C2H6 - - 0.0070 0.0070
CgHe - - 0.0107 0.0107
ceHeo - - 0.0794 0.0794
CN - - — -
CO 0.2105 0.2153 0.0480 0.0480
C02 0.0015 0.0001 0.0338 0.0338
H — — — —
H2 0.7379 0.7419 0.4891 0.4891H9O 0.0041 0.0003 0.1014 0.1014
OH - - - -
M2 0.0419 0.0416 0.0572 0.0572
MH3 — - — -
HCN — — — —
0 - - - -
C3 - — — -
4 ) ' 1.227 1.215 1.062 1.062
*The 1symbol C(s) represents the moles of carbon per mole of
gas,
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TABLE 6-6: A Comparison of Species Composition at the
Back Surface of the Char for Equilibrium and Non- 
Equilibrium Analyses at a Surface Recession 
Velocity of 0.02 and 0.06 ft/sec and a Pressure 
of 1.0 Atmosphere.
Equilibrium Non-Equilibrium






CH3 - - - -
CH4 0.0366 0.0151 0.0804 0.0804
C2H - — - -
C3H — — - -
C4H - - - -
C2H2 - — 0.0480 0.0480
C2H4 - — 0.0450 0.0450
C2H6 - — 0.0070 0.0070
C6H6 - - 0.0107 0.0107CeHgO - - 0.0794 0.0794
CN - - - -
CO 0.1775 0.2071 0.0480 0.0480
CO2 0.0110 0.0025 0.0338 0.0338
H — —
H2 0.6964 0.7234 0.4891 0.4891
H9O 0.0335 0.0094 0.1014 0.1014
OH - - - -
N2 0.0449 0.0425 0.0572 0.0572
NH3 0.0001 - - -
HCN - - - -
0 - - - —
C3 - - - -
C(s)* 1.320 1.24 1.062 1.062
* The 
gas.
symbol C^gj represents the moles of carbon per mole
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before, there is no known method available to predict non­
equilibrium composition of degrading gases directly from the 
polymer degradation. Therefore, as a compromise we had to 
use available experimental data and come up with the best 
estimate of the species composition at the back surface of 
the char zone. Therefore, for all non-equilibrium cases run, 
varying the surface recession velocity and the pressure, we 
used the same chemical composition.
A Comparison of the Total Energy Absorbed for Equilibrium, 
Non-Equilibrium and Frozen Flow Analysis for Phenolic-Nylon
In developing the three methods of analysis, frozen, 
equilibrium and non-equilibrium, the purpose of this research 
was to determine the effects that each method of analysis 
had on the predicted value of the total energy absorbed in 
an ablator. Before we get into the details of analyzing 
the cases examined in this research, it is worthwhile to 
briefly summarize how the approach of our analysis evolved 
and how it differs from the initial research of April (l)and 
Pike al. (2). The initial research that was done invol­
ved looking at the char zone only. In this initial stage of 
development a mass flux was assumed at the back surface of 
the char, and in addition a front surface temperature of the 
char was assumed as a parameter (see Figures 6-5 through 
6-8). The back surface of the char was always assumed to be 
at 500°F. Therefore, in comparing frozen, equilibrium and 
non-equilibrium calculations, the boundary conditions at the 
back end of the char were always the same in terms of
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temperature and mass flow.
In this research we went a step further and coupled the 
plastic zone to the decomposition zone. The result of this 
coupling makes the analysis of the heat curves more complex. 
Basically, because this coupling, as we have seen in Tables 
6-1 through 6-6, has resulted in boundary conditions which 
are not the same for equilibrium and non-equilibrium both 
in terms of temperature and mass flux. As a result when we 
lock at the total energy absorbed we have to take these 
differences into consideration in analyzing the values of the 
total energy absorbed.
In Figures 6-10 through 6-16 we present the comparison 
of the total energy absorbed for the three methods of ana­
lysis at two pressure levels. As we examine these curves we 
notice that the non-equilibrium curves cross the equilibrium 
curves for all cases examined, except one. The reason for 
this crossover is obvious when we look at the gas mass flux 
at the back surface of the char. As we have already shown, 
the gas mass flux for non-equilibrium is about 60 percent 
greater than for equilibrium. The crossover occurs because 
at temperatures above 2000°F the total rate of heat absorbed 
by the non-equilibrium gases is initially greater than for 
equilibrium. This is not because the non-equilibrium analy­
sis chemical reactions are more endothermie than those for 
chemical equilibrium, but because the higher gas mass flux 
of the non-equilibrium analysis coupled with the heat ab­
sorbed by the kinetic reactions is sufficient to overcome the
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much lower mass flux rate of chemical equilibrium. As the 
temperature increases, however, the carbon in the chemical 
equilibrium model begins to react into the gas phase, in­
creasing the equilibrium gas mass flux. As this same mass 
flux increases, the equilibrium heat absorbed finally over­
takes the non-equilibrium curve and surpasses it.
A Comparison of the Total Heat Absorbed for Frozen, Equili­
brium and Non-Equilibrium at 0.1 Atmosphere
The results for frozen, equilibrium and non-equilibrium 
analyses have been calculated at various surface recession 
velocities and at two pressure levels. In this section we 
will discuss the results at 0.1 atmosphere.
Figure 6-10 shows a plot of the total energy absorbed 
as calculated by the three methods of analysis at a surface 
recession velocity, v, of 0.02 ft/sec. This velocity
ycorresponds to a total mass flux of 0.7 lb/ft -sec. It 
should be noted again that the total mass flux is the product 
of the density of the virgin material (35 Ib/ft^ for phenolic- 
nylon) and the surface recession velocity. The arrows shown 
in this figure, and subsequent figures, denote the end of the 
decomposition zone or beginning of the char zone. The reader 
is referred to Table 6-3 for the exact temperatures of decom­
position/char zone interface. Figures 6-11, 6-12 and 6-3 
(which has been shown earlier) correspond to total mass flu­
xes, fv, of 1.05(v=0.03 ft/sec), 1.40(v-0.04 ft/sec) and 
2.10(v=0,06 ft/sec) Ib/ft^-sec. We should notice that all 
the equilibrium curves shown in these figures, end at a tem­
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perature of 5500°F. This temperature was not selected ar­
bitrarily, rather it is the temperature at which all the 
solid carbon, either by reacting with other gases or by 
sublimation, disappear. The disappearance of all the solid 
carbon obviously denotes the physical end of the char zone. 
Table 6-7 shows a summary of the equilibrium flow results. 
Table 6-8, however, compares non-equilibrium and equilibrium 
flow results for the various surface recession velocities 
already mentioned. The reader will notice that the case 
for v=0.01 ft/sec was not run for the non-equilibrium case.
The reason for this was the excessive amount of computer 
time required to complete this case. We will expand on this 
at the end of the chapter.
2For the cases where fv=0.7, 1.05 and 1.40 lb/ft -sec, 
there is a crossover between the equilibrium and non-equili­
brium curves. We have already explained the reason for this 
crossover. This crossover however, does not occur for the 
case where total mass flux is 2.10 Ib/ft^-sec (v=0.06 ft/sec). 
If we go back to Table 6-3 we will notice that as the surface 
recession velocity increases the difference between the equi­
librium and non-equilibrium decomposition/char zone tempera­
ture interface also increases; being smallest at v=0.02 ft/ 
sec, with a difference of 929°F, and largest at v=0.06 ft/sec, 
with a difference of 1324®F. This very large difference in 
temperature allows the equilibrium heat curve a head start.
The non-equilibrium curve can never surpass it because by the 
time it approaches the equilibrium curve at about 4200°F, the



























Comparison of the Total Energy Absorbed at Various Surface 
Recession Velocities: Equilibrium Analysis (P=0.1 Atm;
Nylon-Phenolic Composites).














5Q0 0.0 0.0 0.0 0 .0 0.0 0.0
600 0.3 0.3 0.3 0.3 0.3 0.3
1000 3.7 3.9 4.0 4. 1 4.1 4.1
1400 62 75.3 85.4 92. 7 97.2 100.4
1800 133 218 291 353 409 458
2200 201 354 495 626 750 867
2600 272 496 707 909 1104 1292
3000 347 646 932 1209 1478 1510
3400 434 820 1194 1557 1915 2266
3800 552 1056 1548 2029 2505 2973
4200 739 1429 2107 2775 3437 4092
4600 1070 2091 3101 4101 5094 6080
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5400 2918 5788 8647 11495 14336 17170

























TABLE 6-8: Comparison of the Total Energy Absorbed for Equilibrium and Non -
Equilibrium at Various Surface Recession Velocities and a Pressure 
of 0.1 Atmosphere (Phenolic-Nylon).
Heat Absorbed in BTU/ft^-sec
v=0.02 ft/sec v=0.03 ft/sec v=0.04 ft/sec v=0.06 ft/sec
T(Op) EQ NON-EQ EQ NON-EQ EQ NON-EQ EQ NON-EQ
500 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0600 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.31000 3.9 3.9 4.0 4.0 4.1 4.1 4.1 4.11400 75.3 75.3 85.4 85.4 92.7 92.7 100.4 100.41800 218 90.8 291 132 353 172 458 250.52200 354 97.4 495 142 626 186 867 269
2600 496 468.4 707 331 909 196 1292 288
3000 646 588.1 932 724 1209 805 1510 758
3400 820 852.8 1194 1114 1557 1321 2266 1601
3800 1056 1229 1548 1635 2029 1983 2973 25434200 1429 1799 2107 2420 2775 2965 4092 3896
4600 2091 2610 3101 3616 4101 4481 6080 5987
5000 3366 3736 5014 5393 6650 6819 9904 9283
5200 4397 4356 6560 6402 8712 8197 12997 11310
5400 5788 5002 8647 7444 11495 9653 17170 13528
5500 6581 5332 9821 7967 13104 10387 19555 14682




carbon in the chemical equilibrium model begins to react 
into the gas phase increasing both the gas flux and the rate 
of heat absorbed.
A Comparison of the Total Heat Absorbed for Frozen, Equili­
brium and Non-Equilibrium Analyses at One Atmosphere
In the previous section we discussed the results of 
frozen, equilibrium and non-equilibrium analyses for a pres­
sure of 0.1 atmosphere. In this section we will discuss 
similar results but for a pressure of 1 atmosphere.
Figure 6-13 shows a plot of the total heat absorbed by 
frozen, equilibrium and non-equilibrium for a surface reces­
sion velocity of 0.02 ft/sec(fv=0.7 Ib/ft^-sec). The total 
amount of heat absorbed predicted by the equilibrium analy­
sis is 5599 BTU/ft^-sec, that for non-equilibrium is 4800
BTU/ft^-sec and for frozen, 625 BTU/ft^-sec. It should be 
noted that for 1.0 atmosphere the equilibrium analysis 
predicts a front surface temperature of 5800°F. This is the 
temperature at which the solid carbon concentration approaches 
zero. This temperature is 300°F higher than the case of 0.1 
atmosphere. One would expect this because when the pressure 
increases by a factor of ten, the energy required for the
carbon to enter the gas phase has to be greater. Putting it
another way, the higher the pressure, the higher the front 
surface temperature required to get the carbon into the gas 
phase. This is because the higher pressure tends to keep the 
carbon in the solid phase. Figures 6-14, 6-15 and 6-16 show
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plots as those shown in Figure 6-13, but these are for 
surface recession velocities of 0.03, 0.04 and 0.06 ft/sec 
respectively. We have summarized the results of the total 
energy absorbed by equilibrium in Table 6-9. In Table 6-10 
we have summarized the results of the non-equilibrium ana­
lysis and compared it to those of equilibrium.
Effect of Surface Recession Velocity on Heat Absorbed on the 
Phenolic-Nylon Resin; Parameter Study
In Table 6-8, the tabulated results of the total energy 
absorbed at a number of surface recession velocities are 
shown for both the equilibrium and non-equilibrium analyses. 
The pressure at which these results are tabulated is 0.1 
atmosphere. In Table 6-10 similar results are tabulated but 
for a pressure of 1 atmosphere.
First we shall analyze the results at a pressure of 0.1 
for equilibrium. Figure 6-17 shows these results graphically. 
As expected, the higher the surface recession velocity, the 
larger the amount of heat absorbed. It should also be noted 
that the curves get closer to each other as the surface re­
cession velocity increases.
If we take the energy absorbed at v=0.01 ft/sec as the 
equilibrium base case shown in Table 6-6, and compare it to 
the cases for v=0.02, 0.03, 0.04, 0.05 and 0.06 ft/sec, 
there is almost a one to one correspondence between the ratio 
of the velocities and that of the total energy absorbed. So 
for 2, 3, 4, 5 and 6 times the surface recession velocity of 
the base case, we find that the total energy absorbed is 1.99,













TABLE 6-9: Comparison of the Total Energy Absorbed at Various SurfaceRecession Velocities: Equilibrium Analysis (P=l. atm;
Nylon-Phenolic Composites).









T(QF) 0.01 ft/sec 0.02 ft/sec 0.03 ft/sec 0.04 ft/sec 0.05 ft/sec 0.06 ft/soc
500 0.0 0.0 0.0 0.0 0.0 0.0
600 0.3 0.3 0.3 0.3 0.3 0.3
1000 3.7 3.9 4.0 4.1 4.1 4.1
1400 102 86 85 93 97 100
1800 214 310 380 436 487 530
2200 286 454 596 725 849 9632600 357 596 809 1010 1203 13893000 430 742 1028 1300 1567 1826
3400 509 900 1264 1616 1961 22993800 601 1083 1540 1983 2421 28504200 720 1321 1897 2458 3014 35624600 893 1668 2417 3152 3881 46035000 1185 2252 3294 4321 5343 63565200 1417 2715 3988 5247 6499 7746
5400 1744 3369 4970 6555 8136 9708













TABLE 6-10 : Comparison of the Total Energy Absorbed for Equilibrium and
Non-Equilibrium at Various Surface Recession Velocities and a 
Pressure of One Atmosphere (Phenolic-Nylon)
Heat Absorbed in BTU/ft^-sec.











T(OF) EQ NON-EQ EQ NON-EQ EQ NON-EQ EQ NON-EQ EQ NON-EQ
500 0 0 0 0 0 0 0 0 0 0
600 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3
1000 3.9 3.9 4.0 4.0 4.1 4.1 4.1 4.1 4.1 4.1
1400 86 72 85 85 93 93 97 97 100 100
1800 310 91 380 132 436 172 487 211 530 250
2200 454 97 596 142 725 186 849 227 963 269
2600 596 334 809 378 1010 196 1203 243 1389 288
3000 742 549 1028 724 1300 312 1567 838 1826 304
3400 900 896 1264 1178 1616 1377 1961 1519 2299 1619
3800 1083 1320 1540 1799 1983 2149 2421 2429 2350 2660
4200 1321 1739 1897 2501 2458 3120 3014 3644 3562 4094
4600 1668 2238 2417 3294 3152 4230 3881 5088 4603 5872
5000 2252 2908 3294 4347 4321 5657 5343 6922 6356 8130
5200 2715 3310 3988 4988 5247 6026 6499 8022 7746 9462
5400 3369 3760 4970 5708 6555 7504 8136 9261 9708 10961
5600 4300 4257 6366 6501 8417 8586 10463 10635 1250C 12625
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2.98, 3.97, 4.95 and 5.94 times that of the base case 
respectively. One would expect it to be exactly 2, 3, 4, 
etc., times the base, that is, if we were analyzing the char 
zone only. After all, equilibrium reactions are not a func­
tion of surface velocity, so doubling the mass through the 
char would exactly double the total amount of energy 
absorbed. However, the reason the ratios are not exactly 
the same can be found by looking at the decomposition/char 
zone interface temperature at each of these surface recession 
velocities (see Table 6-3). We see for example that at 
v=0.02 ft/sec the interface temperature is 1387°F, at v=0.03 
ft/sec it is 1451°F, at v=0.04 ft/sec it is 1500°F, and so 
on. Therefore, the lower the surface recession velocity, 
the lower the back surface temperature of the char and the 
sooner the equilibrium gases will begin to react in the char. 
We can see, for example, that at v=0.02 ft/sec the gases are 
in equilibrium at 1387°F and begin to absorb heat at that 
temperature. At v=0.03 ft/sec, on the other hand, the gases 
will not reach equilibrium conditions until they reach a 
temperature of 1451°F.
In Table 6-8, we show also the tabulated results of the 
total energy absorbed for non-equilibrium. In addition, the 
results are plotted in Figure 6-18.
The non-equilibrium case shows more vividly the effect 
that the surface recession velocities have on the temperature 
boundary conditions and therefore on the shape of the heat 
curve. It also shows that an increase in the surface reces-
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sion velocity results also in an increase in the temperature 
of the decomposition/char zone interface. This causes the 
heat curves to cross over one another close to the interface. 
For example, from Figure 6-18 we can see that the heat ab­
sorbed at a surface recession velocity of 0.02 ft/sec is 
greater than that of the other surface recession velocities 
plotted between the temperatures of 2500°F to 2600°F. We 
can also see, for example, that at a surface recession velo­
city of 0.03 ft/sec the accumulated heat absorbed is greater 
than that of 0.06 ft/sec, between the temperatures of 2600°
F and 2900°F. The reason for this crossover is that at the 
lower mass velocities the gases begin to react earlier than 
at the higher mass flux.
If we compare the energy absorbed at v=0.02 ft/sec with 
that at 0.03 ft/sec we see that the total heat absorbed at 
0.03 ft/sec is about 1.5 times that of 0.02 ft/sec. Since we 
do not have a case for v=0.01 ft/sec, for the reason that we 
have already mentioned, we will use v=0.02 ft/sec as the 
base case for comparison. As with equilibrium there is 
almost a one to one correspondence between an increase in 
surface recession velocity and total heat absorbed. We can 
see, therefore, that at 1.5, 2, and 3 times the surface re­
cession velocity of 0.02 ft/sec, the total quantity of ener­
gy absorbed is 1.49, 1.97 and 2.84 for 0.03, 0.04 and 0.06 
ft/sec respectively. In the equilibrium case we explained 
that the reason the correspondence of the ratios of energy 
absorbed were not exact integers of the surface recession
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velocity (or for that matter the mass flux , fv) was 
because of the differences encountered in the boundary condi­
tions. For non-equilibrium we can also apply the same 
reasoning. However, it should be noted that for non-equili­
brium it is not necessary to get a close one-to-one corres­
pondence. Basically because one can argue that the higher 
the surface recession velocity, i.e., the higher the mass 
fl'ox through the char, the lower the residence time in the 
char and hence, the lower the time for reaction. Apparently, 
the reduction in residence time experienced at 0.06 ft/sec, 
for example, has had a small effect on the extent of the 
kinetic reactions.
Effect of Pressure on Heat Absorbed by the Phenolic-Nylon 
Resin
A parameter study was conducted on pressure to analyze 
tlie effect on the total heat absorbed. The reason for this 
study is that the reentry pressure is not constant and varies 
with the trajectory of the vehicle. Two pressure levels 
were selected to bracket this effect: these pressures were
0.1 and 1.0 atmospheres respectively. The lower pressure 
level is the one encountered by the reentry vehicle at the 
higher altitudes while the 1.0 atmosphere level is the 
theoretical maximum and achieved only at the lower altitude 
in the trajectory.
A plot of pressure effect for a surface recession velo­
city of 0.06 ft/sec is shown in Figures 6-19 and 6-20. These 
plots are for the equilibrium and non-equilibrium analyses
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Figure 6-20, Effect of Pressure on the Total Heat 
Absorbed: Non-equilibrium Analysis 
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respectively.
For the equilibrium case shown in Figure 6-19, the 
heat curve for 1.0 atmosphere remains above that for 0.1 
atmosphere until it reaches a temperature of approximately 
3600°F, and then it falls below the heat curve for 0.1 
atmosphere. For the non-equilibrium case shown in Figure 
6-20 a similar behavior is manifested by the 1.0 atmosphere 
heat curve; although, the 1.0 atmosphere curve falls below 
the 0.1 atmosphere at a temperature of about 4600°F. Before 
the crossover for both the equilibrium and non-equilibrium 
case, the effect of pressure is small.
Looking at Table 5-2, where the kinetic reactions are 
listed, one would expect that at P=0.1 atmosphere the heat 
curve would be higher since more of the kinetic reactions 
are favored by lower pressure than by higher pressure.
There are some that are not affected at all. However, there 
are two reactions which are favored by higher pressure and 
these are the carbon-water and the carbon-carbon dioxide 
reactions. To be able to assess whether these reactions 
play an important part at temperatures lower than 46 00°F we 
have to compare a plot of the species composition concentra­
tion at both pressures. In Figures 6-21 and 6-22 a concentra­
tion versus temperature plot is shown. In comparing the two 
plots we can see that the water concentration decreases more 
rapidly at 1.0 than at 0.1 atmosphere. In addition, it is 
also evident from the plot that the carbon-carbon dioxide 
reaction is taking place as is evident by the more rapid


















Figure 6 - 2 1 , Chemical Composition of the Phenolic-Nylon Pyrolysis Gases as Predicted hy the Non­
equilibrium Analysis at a Pressure of 1,0 
atm. and a Surface Recession Velocity of 
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increases in carbon monoxide concentration. We see a similar 
behavior for the water and carbon dioxide concentration in 
the equilibrium, calculations as is evident from the plots of 
Figure 6-23 and 6-24, Figure 6-23 and 6-24 are plots of 
equilibrium concentration versus temperature at pressures of
1.0 and 0.1 atmospheres respectively. We want to caution 
the reader that the extrapolation of the non-equilibrium ar­
gument to the equilibrium domain might be erroneous. In the 
calculations of equilibrium composition we used the free 
energy minimization technique which does not require the 
postulation of a reaction mechanism, and, as in any chemical 
equilibrium process, it is independent of the path. There­
fore, to associate any particular mechanism to such complica­
ted process may be dangerous. For the equilibrium case it 
should be sufficient to say that because of the free energy 
of the complex mixture, the endothermicity of the gas at 
a 1.0 atmosphere is greater below a temperature of 3600°F.
What Figures 6-19 and 6-20 illustrate is that unless 
the front surface temperature is above 4000°?, the effect of 
pressure on total heat absorbed is essentially the same for
0.1 and 1.0 atmosphere.
Numerical Difficulties
As we have mentioned before, the numerical integration 
technique used to solve the equations of change for frozen, 
equilibrium and non-equilibrium analyses was a fourth order 
Runge-Kutta. With the equilibrium and frozen analyses we
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did not experience any particular difficulty. However, with 
the non-equilibrium analysis we did. Basically, the reason 
for our difficulties were the stiff system of equations en­
countered in the non-equilibrium analysis. Because of this 
stiff system the size of the integration step had to be very 
small to avoid a totally erroneous solution. As a result we 
used excessive amounts of computer time and had to limit the 
number of cases analyzed. In Figure 6-25 we show a plot of 
mass flux versus IBM/360 CPU time. As expected, at the 
higher mass flux the CPU time decreases in an exponential 
fashion. The reasons are basically two. One is that at the 
higher flow rates, the residence time is lower in the char. 
Secondly, as we showed earlier in the chapter, at the higher 
flow rates (mass flux) the temperature of the decomposition 
zone is higher and the thickness of the char is smaller. 
Therefore, the number of integration steps required to solve 
the equations of change are fewer, thus requiring a lesser 
amount of CPU time.
Effect of Chemical Reaction Rate Data on the Non-Equilibrium 
Flow Calculations
In order to study the sensitivity of the analysis to 
the chemistry model, a study was performed by taking each of 
the four reactions shown in Table 5-3 one at a time and using 
the reported sets of kinetic data discussed in Chapter V.
The predicted values of the energy absorbed for each set of 
kinetic data was determined, and the conditions selected for 
the study were for a pressure of one atmosphere and a surface
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- 3recession velocity of 1 x 10 ft/sec. For all the reactions 
in Table 5-3, except for the acetylene reaction, the varia­
tions in the predicted values of the energy absorbed were 
less than one half of one percent. For the acetylene reac­
tion the variation in energy absorbed was about 4 percent as 
discussed in Chapter Y. These variations were not believed 
to be significant when one considers the wide discrepancy 
that exists in the kinetic data that is available in the 
literature. This close agreement is not fortuitous. But it 
is the product of a very critical study of the kinetic 
literature, of a very meticulous approach in selecting reac­
tions, and a very close scrutiny of hundreds of test runs 
that were made over a period of two years. No doubt that 
some of the assumptions made had a lot of subjective intui­
tion in them. But by and large the process of selecting the 
kinetics was made as scientifically objective as possible. 
Finally, it is very probable that even though the kinetic 
data for the four reactions in Table 5-3 appear different on 
paper, that is, each has a different activation energy and 
frequency factor, each is representative of what occurs 
within the temperature range for which the data are applica­
ble. Therefore, the use of a reverse reaction rate constant 
tends to dampen the errors incurred in extrapolating the 
kinetic data beyond the limits set by the experimental measure­
ments. This probably contributed to the very close agreement 
in answers obtained when using different sources of data 
contrary to the author's expectations.
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Summary of the Results for Phenolic-Nylon
Up to this point we have analyzed the results of frozen,
equilibrium and non-equilibrium analyses coupled to the 
virgin plastic zone. We have analyzed the energy absorbing
mechanisms both in the virgin plastic zone and in the char
zone.
In the virgin plastic zone we concluded that decomposi­
tion was the dominant energy absorbing mechanism. In the 
char zone we identified three principal energy absorbing me­
chanisms which were transpiration cooling, chemical reactions 
and sublimation. We established that chemical reactions 
become important energy absorbing mechanisms above 2000°F, 
we pointed out that the carbon-gas and the sublimation reac­
tions become important energy absorbing mechanisms at tempe­
ratures above 4600°F - 4800°F. We also compared the equili­
brium and non-equilibrium analyses boundary conditions and 
noted how each varied with increasing surface recession 
velocity. We explained why the decomposition/char zone 
temperature and mass flow rates for equilibrium and non­
equilibrium analyses were affected by both pressures and 
surface recession velocities and how these differences affec­
ted the shape of the heat curve for both analyses.
We compared the three analyses at a pressure of 0.1 and
1.0 atmospheres and at the same surface recession velocity.
We studied the effect of both pressure and surface recession 
velocities on the total energy absorbed for both equilibrium 
and non-equilibrium.
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we noticed that pressure had little effect on the total 
energy absorbed for equilibrium and non-equilibrium except at 
temperatures above 3600°F and 4600°F respectively. In 
analyzing the pressure effects we postulated that the carbon- 
carbon dioxide and the carbon-water reactions were probably 
the reason as to why the heat absorbed at 1.0 atmosphere was 
initially greater than at 0.1 atmosphere. We arrived at 
this conclusion by analyzing the plots of species composition 
versus temperature. Finally, we explained some of the 
numerical difficulties we encountered with the non-equilibrium 
analysis because of the stiff system of equations we were 
solving. We showed a plot of CPU time versus mass flux to 
illustrate this point.
In conclusion then we can say that frozen flow analysis 
is a very poor approximation to the total amount of energy 
absorbed in the ablator. However, equilibrium is a reasona­
ble approximation to non-equilibrium even though it suffers 
from its inherent simplifying assumptions that the gases are 
always in equilibrium irrespective of the temperature.
Silicone Elastomers
To complete this research, a brief study was made of 
another ablative composite, the silicone elastomer. This 
composite was chosen because it has good ablative properties. 
Compared to the phenolic-nylon composite, the silicone elas­
tomer is a much denser composite; 63 Ib/ft^ versus 35 Ib/ft^ 
for the phenolic-nylon. The char formed by the silicone
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elastomers is also denser than for phenolic-nylon (29 versus 
13). Per pound of material, the nylon absorbs 1.7 times more 
heat than the silicone elastomers. This is based on computa­
tions performed using equilibrium analysis.
As shown in Figure 6-26 the total heat absorbed in the 
ablator is greater at 0.1 atmosphere than at 1.0 atmosphere 
which is the behavior observed for the phenolic-nylon compo­
site also. In addition, as shown in Figure 6-26, the compa­
rison at a surface recession velocity of 0.034 ft/sec (fv=
2.10 Ib/ft^-sec) for a pressure of 0.1 and 1.0 atmosphere 
shows that there is also a crossover of the two curves, with 
the 1.0 atmosphere heat curve being slightly higher than the 
non-equilibrium curve-up to a temperature of about 3100°F.
This crossover was also observed in the phenolic-nylon case 
both for the equilibrium and non-equilibrium analyses. 
Examination of Figures 6-27 and 6-28 shows that the carbon- 
water and carbon-carbon dioxide reactions are favored at P=l. 
atmosphere. This is evident by the rapid decrease of water 
concentration and the increase in CO concentration. It also 
appears that the silicone oxygen reaction is an important one 
since silicone oxide concentration also increases and it is 
favored at the higher pressure.
The results for silicone elastomers at two pressure 
levels and at three surface recession velocities are presented 
on Tables 6-11 and 6-12. As was the case with phenolic-nylon 
the front surface temperature at 0.1 atmosphere is lower than 
at 1. atmosphere. Also, as was the case with phenolic-nylon.
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Figure 6-26. Effect of Pressure on the Total Heat Absorbed 














Figure 6-27. Equilibrium Composition of the Silicone 
Elastomer Pyrolysis Gases in the Char at 
a Pressure of 1.0 Atmospheres.

















Figure 6-28, Equilibrium Composition of the Silicone 
Elastomer Pyrolysis Gases in the Char 
at a Pressure of 0,1 Atmospheres,























Comparison of the Total Energy Absorbed at 
Three Surface Recession Velocities: Equilibrium
Analysis (P=0.1 atm; Silicone Elastomer).
Heat Absorbed in BTU/ft^-sec.
T (Op) v=0.Oil ft/sec
1
v=0.028 ft/sec. v=0.034 ft/sec.
500 0. 0. 0 .
600 0.4 0.4 0.4
1000 1.1 1.1 1.1
1400 22.9 24 .7 24.9
1800 122 17 2.2 174.1
2200 227 436 491
2600 333 699 807
3000 441 969 1133
3400 564 1277 1503
3800 729 1689 1998
4200 995 2351 2793
4600 1452 3493 4167
5000 2153 5241 6269




























Comparison of the Total Energy Absorbed at Three 
Surface Recession Velocities; Equilibrium Analysis 
(P=l. atm; Silicone Elastomers).
Heat Absorbed in BTU/ft^-sec.
T (OF) v=0.011 ft/sec. v=0.028 ft/sec. v=0.034 ft/sec.
500 0. 0 . 0.
600 0.4 0.4 0.4
1000 1.1 1.1 1.1
1400 22.9 24 .7 24.9
1800 173 193 187
2200 286 475 527
2600 392 739 844
3000 498 1004 1163
3400 610 1283 1498
3800 736 1600 1878
4200 900 2008 2369
4600 1139 2604 3086
5000 1505 3518 4185
5400 2040 4845 5779
5700 2522 6055 7235
(jjM00
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the total energy absorbed at 0.1 atmosphere is greater than 
at 1.0 atmosphere.
A non-equilibrium kinetic model for silicone elastomers 
was not developed. Characterization of this composite would 
have been more difficult than for phenolic-nylon. In addi­
tion, the lack of kinetic data for silicone reactions, and 
the solid state reaction of silicone with silicone oxides 
and carbides would have made the kinetic analysis unreliable. 
Furthermore, we already knew that the equilibrium and non­
equilibrium analyses for the phenolic-nylon had shown very 
close agreement, and it was postulated that probably a 
similar behavior could be expected of the silicone elasto­
mers.
Summary
This chapter has presented the results of the in-depth 
response of the two ablative composites, phenolic-nylon and 
silicone elastomers. The bulk of the effort was devoted to 
phenolic-nylon since it is the composite that has shown the 
better performance in high heating rate environments. For 
phenolic-nylon we analyzed, based on the data available, 
the important energy absorbing mechanisms both for the virgin 
plastic and for the char zone. We also compared the results 
of frozen-equilibrium and non-equilibrium graphically, at two 
pressure levels, and at two surface recession velocities.
The effects of pressure and of surface recession veloci­
ties on the total rate of heat absorbed were studied both
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for the phenolic-nylon and silicone elastomer composites.
One fact should be underlined, and that is that below 3000° 
F, chemical reactions are not the most important energy ab­
sorbing mechanisms. This is the reason why April (1) 
concluded that equilibrium analysis was not representative 
of what occurred in an ablator with a front surface tempera­
ture of below 3000°F. However, in our studies which have 
been carried out to temperatures equal to or greater than 
5500°F, equilibrium was found to be a reasonable approxima­
tion to characterize the ablative composites.
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CHAPTER VII 
SUMMARY, CONCLUSIONS AND RECOMMENDATIONS
Summary
This research has delat with the analysis of the heat 
absorbed of phenolic-nylon and silicone elastomer ablative 
composites. The bulk of the research was concentrated on 
phenolic-nylon since it has shown the better performance in 
high heating rate environments. Frozen, equilibrium and non- 
equilibrium analysis calculations were performed for this 
composite. The equations of change applicable to each of 
these analyses were described in Chapter III and the exten­
sive thermodynamic and physical property data required to 
solve these equations are reported in detail in the 
Appendices. In addition, a thorough analysis and screenings 
of hundreds of reactions were done to arrive at the most 
representative set of kinetic equations for the gases re­
sulting from the decomposition of the phenolic-nylon resin 
composite. One special precaution taken in this research 
was to calculate the equilibrium constant for each of the 
kinetic equations selected to represent the reacting pyro­
lysis gases in the char. This was done because we wanted 
to assure ourselves that in extrapolating the kinetic 
data to temperatures above these for which the data were 
collected we did not violate any equilibrium consideration.
The basic characteristic of this research is
322
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the coupling of the polymer type virgin plastic 
zone to the char zone analysis. This was performed by 
taking into account the decomposition of the plastic compo­
sites into gases, with their corresponding heat absorption 
and the transpiration cooling and chemical reaction effects 
that these gases have on the heat absorption in the char.
The silicone elastomer study was performed only using 
chemical equilibrium analysis because, as explained in the 
previous chapter, essentially no kinetic data existed for 
the possible silicone reactions. The equilibrium analysis of 
the silicone elastomers demonstrates the generality of the 
program. Therefore, given the necessary input information 
as explained in Appendices A and B, any char forming ablator 
can be analyzed using the program developed during this 
research.
Conclusions
Based on the results of this research, the following 
conclusions are drawn;
1. The reacting flow of pyrolysis products from 
a 40 percent nylon, 60 percent phenolic-resin 
composite is accurately described by a non- 
equilibrium model employing 15 reactions and 
19 chemical species.
2. The total heat absorbed as predicted by the 
equilibrium and non-equilibrium analyses is a 
strong function of surface recession velocity
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but a weak function of pressure, especially 
at temperatures below 3600°F for equilibrium 
and 4600°F for non-equilibrium.
3. Surface recession velocity (or total mass flux), 
which is a way of simulating a high heating 
environment, has a large effect in the decom­
position/char zone temperature interface and in 
the total heat absorbed.
4. Differences in the conditions at the decomposi­
tion/char zone temperature interface between 
equilibrium and non-equilibrium are due to the 
manner in which the gas mass flux is matched 
for equilibrium.
5. The non-equilibrium analysis for a given sur­
face recession velocity predicts, always, a 
higher mass flux at the decomposition/char 
zone interface because the plastic composite is 
allowed to degrade to the experimentally 
determined density of the char. This density is 
lower than that required to match the conditions 
for the equilibrium analysis; 13 versus 21- 
22 lbs/ft^.
6. Because the decomposition/char zone temperature 
interface is always higher than 2000°F (for all 
cases analyzed), the gases that enter react very 
quickly. This is evident by the sharp slopes 
shown for non-equilibrium heat curves in Chapter
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VI.
7. As a consequence of the sharp reaction rates 
observed in the non-equilibriun {or kinetic's) 
case, the need to reduce the Runge-Kutta step 
size was necessary to maintain the stability 
of the numerical solution. This resulted in 
excessive amounts of computer time which limi­
ted the number of cases analyzed. The lowest 
surface recession velocity analyzed was for 
v=0.02 ft/sec fv=0.35 Ib/ft^-sec). No such 
restrictions were necessary for equilibrium or 
frozen.
8. The principal energy absorbing mechanism in the
plastic region is the decomposition process,
9. In the char the three principal energy absorbing 
mechanisms are transpiration cooling, heat ab­
sorbed by the reacting gases, and that due to 
sublimation.
10. The equilibrium and non-equilibrium heat curves
diverge at the higher temperature because of 
carbon sublimation.
11. The numerical difficulties experienced with the
non-equilibrium analysis was due to a phenomenon 
called stiffness which is caused by very fast 
reactions. These fast reactions usually occur 
at temperatures above 3000°F.
12. The use of reverse reaction rate constants in the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
326
non-equilibrium analysis prevented the 
violation of equilibrium constraints that 
might have occurred in extrapolating the 
kinetic data, beyond the limit set by the 
experimental measurements.
In-Depth Analysis of Silicone Elastomers: The mathe­
matical formulation for the in-depth analysis of silicone 
elastomers was the same as for phenolic-nylon, with the 
exception that the degradation phenomena of the virgin or 
plastic zone was described by a single degradation reaction. 
The total heat absorbed by this composite was calculated 
using equilibrium analysis. Two pressure levels, and mass 
fluxes similar to those used for phenolic-nylon (0.7, 1.05, 
etc., Ibs/ft^-sec) were used. As we saw in Chapter VI the 
total amount of heat absorbed below 3000°F showed the same 
insensitivity to pressure as phenolic-nylon. Similar to the 
case of phenolic-nylon, surface recession velocity has a 
marked effect in the total heat absorbed by the ablator.
In conclusion, silicone elastomers show the same 
qualitative trends observed in phenolic-nylon for the several 
parameter studies considered. However, phenolic-nylon is a 
more efficient ablator because per pound of material it 
absorbs more heat.
Recommendations
The following are general recommendations based on the
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results of our research.
Thermodynamics ; In the area of thermodynamics, the free 
energy and heat capacity data for over 90 components was 
compared (where this comparison was possible) using data from 
NASA (1), JANAF thermochemical tables (2), API Project 44
(3), and data reported by Los Alamos Scientific Laboratory
(4). In most cases, the data for light gases was consistent. 
Where we had the choice, we selected the data from NASA 
because all of the components required to describe the equi­
librium composition, except for phenol and benzene, which 
were not included in NASA's work, were in the form of an 
easily used polynomial (a+bT+cT2+.,,+eT^). On the other 
hand, API Project 44 (which presented the data in tabular 
form) and that of Los Alamos, required transformation and 
data fitting to conform to NASA's form. However, for such 
high molecular weight components as benzene and phenol we 
were forced to use non-NASA data (2). There were compounds 
such as toluene, 2, 4-xylenol that were reported by Sykes
(5) which were not included in the thermodynamic analysis 
because of lack of thermodynamic data; although these higher 
molecular weight compounds are probably unimportant as far
as the impact on the total energy absorbed. However, for the 
sake of thoroughness, if the data becomes available, they 
should be incorporated into the equilibrium analysis.
Kinetics; A great deal of time and effort was devoted 
to narrow down the possible chemical reactions. In some 
cases we were fortunate to find more than one reference to
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the final set of reactions selected. (See Table 5-2). In 
such cases, we did conduct studies on the effect of kinetic 
data, but as shown in Table 5-3, there were only four reac­
tions where this was possible. Therefore, a sensitivity 
study of the effect of activation energy and frequency fac­
tor changes on the total energy absorbed should be conducted, 
especially for the phenol and benzene reactions.
Decomposition Zone; The analysis of the decomposition 
zone could be improved and a more accurate fit of the thermo- 
gravimetric data can be made. The fit used was preliminary
(5) and some of it reported by private communications with 
NASA (6). When the more accurate and final fit is available 
it should be used. These comments apply also to the silicone 
elastomers since the data used was based on some preliminary 
results.
Runge-Kutta: The method used to solve the equations of
change was a standard fourth order Runge-Kutta. This method 
worked well for non-equilibrium analysis for temperatures 
below 3000°F. However, above this temperature numerical 
difficulties were encountered because of the very rapid 
reactions which occurred; i.e., stiffness of the set of 
equations. To be able to get around this stiffness of the 
set of equations, it was necessary to reduce the step size 
by four orders of magnitude from that of the equilibrium ana­
lysis.
Therefore, in future studies of this kind, implicit 
techniques should be used to avoid the excessive use of com-
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puter time and avoid the numerical difficulties encountered 
in this research.
Free Energy Minimization Formulation: In the carbon-
hydrogen-oxygen-nitrogen system (that of the phenolic-nylon) 
the matrix of coefficient required to solve the equilibrium 
of an all gaseous mixture is always five (see Chapter IV for 
details). However, if solids are to be considered in the 
formulation, the rank of the matrix of coefficients is in­
creased by one every time a solid is added to the formulation. 
For phenolic-nylon the rank of the matrix was increased by 
one since carbon was the only solid species considered.
However, the rank of the matrix was increased by two for the
silicone elastomers since both carbon and silicone were the 
solid species.
The formulation just described creates a problem in that
when the concentration of the solid species decreases or
vanishes (as when carbon begins to sublime and the solid car­
bon disappears), the matrix becomes singular. The singula­
rity is due to the fact that all the coefficients of the 
row-column combination of the solid species approach zero.
For the phenolic-nylon case, the computations were stopped 
when the concentration of carbon was less than 10"% since it 
was considered that at this concentration no more char exis­
ted. This of course, did not result in any serious error.
However, in the silicone elastomer case the same criteria 
was used; i.e., when any of the solids reached a concentra­
tion of 10"^, the temperature at which this occurred was
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assumed to be the front end of the char. Unfortunately, 
some carbon still remained (about 1/2 mole of carbon per 
mole of gas) in the silicone analysis. Therefore, an automa­
tic procedure should be implemented to reduce the rank of the 
matrix by one every time a solid reaches a very small concen­
tration so as to avoid the problem encountered with the 
silicone case.
Sublimation; In future work, a sublimation model to 
account for the carbon solid to carbon gas phase change 
should be incorporated into the non-equilibrium analysis 
because, although small, there was a residual amount of 
solid carbon that remained at the front end of the char which 
should completely disappear.
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identification of species in 
the jth chemical reaction.
ration of char density to vir­
gin material density (see 
Equation (2-23).
gram atoms of element j per 
mole of species i.
Runge-Kutta parameters in the 










moles of element j defined by 
Equation (4-1).
moles of element j in the gas 
phase (Equation (4-34).
heat capacity of component 
i at constant pressure.
average heat capacity of a 
gas mixture.
concentration of component K.
number of composites in the 
virgin material.
free energy function defined for 























non-dimensional energy of 
activation,
mathematical function defined hy Equation (3-39).
free energy function defined 
hy Equation (4-15).
molar free energy,
molar free energy at standard state of 298 K and 1 atm,
free energy function defined hy Equation (4-11),
any mathematical function.
fugacity of species i,
fugacity at standard state,
augmented function of the 
quadratic approximation to the 
free energy function defined 
hy Equation (4-25).
mathematical function defined hy Equation (3-38),
acceleration of gravity,
enthalpy,

























total number of chemical 
reactions.









total number of chemical 
elements.















quadratic approximation to the free e n e r ^  function defined by Equation (4-24).
M/Lt'
Q non-dimensional heat of pyro­lysis defined by Equation (2-40). dimensionless
energy transfer by conduction, .
convection or radiation. M/Lt'
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SYMBOL DESCRIPTION UNITS
energy absorbed by thedegradation of plastic com- ?
posâtes. Equation (3-19). M/Lt
2 2R ideal gas constant. ML /t T-mole
%chemical reaction rate, mole/L t
effective chemical reactionrate for gas and solid species ?defined in Equation (3-22), mole/L t
. stochiometric coefficient
of reactant i in reaction j, dimensionless
power on the temperature in the functional expression to 
calculate reaction rate cons­
tants in Equation (5-3) dimensionless
number of solid species, dimensionless
T temperature. T
T temperature gradient, T/L
T characteristic time as defined
by Equation (5-9). t
T relaxation time as defined
^ by Equation (5-10),
t time, t
u gas velocity, L/T





siarface recession velocity. L/t
W total mass flnx. M/L^t
W. mass flnx based on the velocity in the p o r e ’s 
space. M/L^t
conversion of species j as 
defined by Equation (5-6). dimensionless
calculated value of moles of 
species i in the free energy minimization calculations. moles
total moles of gaseous 
species.
moles
distance defined by Equation 
(2-29).
assumed value of moles of 
species i in the free energy 
minimization calculations. mole
distance defined by Equation 
(2-6). L
z distance in the axial direction.

















D E S C R IP T IO N
compressibility factor.
viscous coefficient in the 
modified Darcy's Law Equation.
constant defined by Equation 
(2-24)
activity coefficient defined 
Equation (4-4).
inertial coefficient in the 
modified Darcy's Law Equation.
non-dimensional energy of acti­
vation defined by Equation 
(2-45).
non-dimensional heat capacity 
defined by Equation (2-39).
Kronocker Delta.
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APPENDIX A
EXPLANATION OF THE COMPUTER IMPLEMENTED SOLUTIONS OF 
THE ENERGY TRANSFER FOR DECOMPOSITION 
IN-DEPTH OF PLASTIC ABLATORS
The ABLATINl and ABLATIN2 systems are general analyses 
implemented in FORTRAN IV for studying the energy transfer 
in the combined decomposition/char zone of a charring abla­
tor. Both of these analyses treat the decomposition of the 
virgin material in the same fashion. Namely, a pseudo­
order kinetic expression of the form of Equation (2-1) is 
used to describe the decomposition process. These cinalyses 
differ, however, in the way the chemical generation term is 
calculated in the char zone. As was explained in Chapter 
III, there are three chemically distinct flow conditions 
that are considered, which are, frozen, equilibrium and non­
equilibrium flow. The ABLATINl analysis considers the 
pyrolysis gases to be either frozen (not chemical reactions) 
or, in chemical equilibrium. The frozen flow and equilibrium 
flow cases give the lower and upper limits of the total ener­
gy transfer in the decomposition-char zone, respectively.
The ABLATIN2 analysis considers only the gases to be in che­
mical non-equilibrium: i.e., the rate of reaction is
described using finite rate chemistry. Both analyses re­
quire that the temperature, the heat flux and the composition
339
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of the pyrolysis gases be specified. Unfortunately, as was 
said in Chapter III, the current state of the art precludes 
prediction of the composition of the pyrolysis products from 
a known combination of plastic composites éind therefore it 
was necessary to specify the pyrolysis gas composition. The 
boundary conditions selected are written in Equation (3-27) .
Once the energy equation is solved, the momentum equa­
tion is solved by specifying the front surface pressure. 
Because the pressure drop is small (rV15 lbs/ft^) , compared 
to the total pressure (r^2160 lbs/ft^), the assumption of 
constant pressure in the solution of the energy equation can 
be considered valid and the equations can be uncoupled. In 
both analyses the surface recession velocity is specified 
and the mass flux of pyrolysis gases is calculated from 
Equation (3-1). Furthermore, the analyses do not require 
the arbitrary specification of a char thickness, which is 
calculated.
The ABLATINl System
This analysis provides the lower and upper limits of 
the total energy transfer in the combined decomposition-char 
zone by considering the pyrolysis gases to be in frozen, or 
in chemical equilibrium. This analysis consists of a MAIN 
program and eleven subroutines. Two of these subroutines are 
major subroutines in the sense that they control the flow of 
information to other minor subroutines. A hierarchical 
diagram of this is shown in Figure A-1. The two major sub-
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Figure A-1. Hierarchical System 
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routines are INDPTH and CHEMEQ and their functions are 
explained below. The MAIN program has direct access to three 
other subroutines, which are, CPMIX, INTRPL, and CHARPR. An 
explanation of each subroutine follows next.
INDPTH; This is one of the two major subroutines. In 
it the physical properties of the virgin material as a func­
tion of temperature are calculated. The thermal conductivity 
gradient is likewise calculated in this subroutine for use 
in the general energy equation. In addition, the energy 
absorbed (BTU/FT^-sec) due to the degradation of the plastic 
composites is calculated using the information generated by 
three minor subroutines, which are: PHMCR, NYLON, and
DNSITY. The functions of each one of these subroutines are 
subsequently explained.
PHMCR: In this subroutine the heat absorbed by the
degradation of phenolic resin and phenolic-microballoons is 
calculated based on the data of Sykes and Nelson (1) . The 
heat term has the units of BTU/lb of each composite.
NYLON i Similar in nature to PHMCR, this subroutine 
calculates the heat absorbed (in BTU/lb) due to the degrada­
tion of nylon based also on the data of Sykes and Nelson (1).
DNSITY: This subroutine calculates the rate of density
change of each individual composite (i.e., nylon, phenolic 
and phenolic-microballoons), which provides the information 
required to compute the mass flux of pyrolysis gases. In 
addition, this subroutine is used to control the Runge-Kutta 
step size while the solution of the energy equation is
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marching through the decomposition zone. The density 
changed (in Ibs/ft^-sec) calculated in this subroutine along 
with the heat (in BTU/lb) calculated in PHMCR eind NYLON are 
used to generate the g(T) term (in BTU/ft^-sec) in the 
general energy equation. (See Equation (3-20)). The calcu­
lation of q(T) is performed in subroutine INDPTH.
The first four subroutines just described, PHMCR, NYLON, 
INDPTH, and DNSITY, constitute the principal subroutines used 
in describing the physico-chemical changes of the decomposi­
tion of nylon-phenolic resin composites. These four 
subroutines are used when the numerical solution is marching 
along the decomposition zone. When the decomposition of the 
virgin material is complete, that is, the virgin material 
has degraded to gases and char residue, the program has two 
options. One is to describe the gases with a frozen flow 
chemistry, in which case the composition of the gases stay 
constant with temperature, or, to describe the gases with an 
equilibrium chemistry, in which case the composition of the 
gases change with temperature and are computed from thermo­
dynamic principles. Both options are explained below.
Frozen Flow Analyses: Under this option the energy
equation is solved assuming that there are no chemical 
reactions taking place in the char zone and hence the chemi­
cal composition of the gas mixture does not change. This 
method of analysis gives the lower bound of the energy ab­
sorbed within the char zone. It is the simplest, in terms of 
numerical solution and the fastest to solve on a machine.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
344
requiring about one minute on an IBM 360/65 computer. Under 
this option two subroutines are called, these are: CPMIX
and CHARPR. An explanation of their functions follows.
CPMIX: This subroutine is called by MAIN to calculate
the average heat capacity of a frozen flow mixture. This 
subroutine is called at every new temperature generated by 
the Runge-Kutta analysis. The heat capacity of each indivi­
dual specie is generated by an empirical fit which is read 
in by MAIN. The thermodynamic data used is given in Appendix
C.
CHARPR: The data of Southern Research Institute (2) is
used in this subroutine to generate the thermal conductivity, 
the thermal conductivity gradient and the heat capacity of 
the char as a function of temperature. Unlike CPMIX, this 
subroutine is also used by the chemical equilibrium analysis 
option. The actual data used is presented in Appendix C.
Equilibrium Flow Analysis: This analysis is the second
option of the ABLATINl system to describe the chemistry in 
the char zone. The primary difference with the frozen flow 
analysis is that the equilibrium analysis accounts for con­
centration changes due to chemical reactions, which are as­
sumed to be in thermodynamic equilibrium. A free energy 
minimization technique is used to compute the equilibrium 
composition as a function of temperature. This technique was 
developed in Chapter IV and the reader is referred to this 
Chapter for further details. The Equilibrium Flow Analysis 
uses in addition to CHARPR, five other subroutines which are:
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CHEMEQ, which minimizes the free energy; FRNGY, which calcu­
lates the free energy function to be minimized; MATINV 
which inverts the matrix and solves the simultaneous linear 
equations; THERMl, whose primary function is to calculate 
the heats of formation of the chemical species; and INTRPL 
which is used to interpolate the values generated by CHEMEQ 
and which are needed for the solution of the general energy 
equation. A more complete explanation of the functions of 
each subroutine follows next.
CHEMEQ: This is the other major subroutine. This sub­
routine is called by MAIN when the marching procedure is in 
the char zone. In this subprogram the equilibrium composi­
tion of a multi-component, polyphase system is calculated 
using free energy minimization technique, which has been 
explained in Chapter IV. This subroutine is called once 
throughout the analysis. The equilibrium compositions of 
each individual species are computed and stored as functions 
of temperature. In addition, the mass flux, the average mo­
lecular weight, the average heat capacity of the mixture and 
the heat absorbed due to chemical reactions are also stored 
as functions of temperature. All of these stored values are 
later used to generate interpolated values needed in the 
solution of the general energy equation.
To verify the calculations made by this program, several 
literature examples were used for comparison and the reader 
is referred to Chapter IV for these comparisons.
FRNRGY; This subroutine supplies the free energy func-
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tier, to be minimized by CHEI-iEQ. This subroutine is called at 
every temperature at which an equilibrium composition calcu­
lation is performed. In addition, the heat capacity of each 
individual species is also calculated,
MATINV; This subroutine is a standard method for 
solving a set of linear equations by inverting a non-singular 
nxn matrix. The inversion is performed iteratively by 
reducing the original matrix to an identity matrix by a 
series of row operationso The method is then repeated with 
the resulting identity matrix. The IBM Share Library is the 
source for this particular program (3). The simultaneous 
solution of the linear equations (see Table 4-1) gives the 
Lagrange multipliers which are used to generate the new 
composition of the gases for the next iteration (see Equation 
(4-32)). In addition, when there are solid species, the 
solution of the linearized equations (see Table 4-1) results 
in the explicit computation of the number of moles of these 
species directly. This is not the case for the gas species.
THERMl; The calculation of the heat of formation and 
the entropy of each chemical species is performed in this 
subroutine. This subroutine is called by CHEMEQ after the 
species compositions are calculated. The reference tempera­
ture used in the calculations is 298.16°K.
INTRPL; This is a general purpose Lagrangian interpola­
tion subprogram with non-equal step size between points.
This subprogram is used by MAIN to interpolate the stored 
values generated by CHEMEQ. In addition, INTRPL is used in
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the solution of the uncoupled momentum equation to inter­
polate values generated during the solution of the energy 
equation.
The five subroutines just mentioned in addition to 
CHARPR, constitute the principal subroutines used in des­
cribing the physico-chemical changes which occur within the 
char zone.
Next a brief description of MAIN (the main program) 
follows. In it the calling sequence of the subroutines for 
the chemical equilibrium analysis option and the frozen flow 
analysis are explained.
MAIN: The main program solves the energy equation by
using a Runge-Kutta formulae of the form developed in 
Chapter III. MAIN is assisted in the solution of the energy 
equation by ten subroutines for the equilibrium analysis, 
and by two subroutines for frozen flow analysis. As was 
explained, CHARPR is used by both analyses, so that the to­
tal number of subroutines is eleven. A block flow diagram 
of the main program for the chemical equilibrium option is 
shown in Figure A-2. After the data is read in and 
variables are initialized MAIN proceeds to call subroutine 
INDPTH to generate the physico-chemical properties for the 
decomposition process. INDPTH interacts with PHMCR, NYLON 
and DNSITY to obtain the mass flux, heat of reaction and 
other variables as was previously explained. Once these 
properties have been calculated MAIN proceeds to calculate 
the next temperature point in the Runge-Kutta analysis.
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This operation is repeated until the virgin material has been 
totally degraded to gases and char. At this instance MAIN 
calls CHEMEQ to generate the equilibrium composition of the 
reacting gases, along with other needed information such as : 
mass flux of the gases, average molecular weight, the 
average heat capacity of the mixture and the heat absorbed 
due to chemical reactions. Unlike subroutine INDPTH, which 
was called at every new temperature, subroutine CHEMEQ is 
called only once. This can be done because the equilibrium 
composition is only a function of temperature and pressure. 
Pressure is assumed constant through the analysis, and the 
equilibrium composition, the mass flux, the average molecu­
lar weight, the average heat capacity of the mixture and the 
heat absorbed due to chemical reactions are stored as func­
tions of temperature. Since every new temperature generated 
by the Runge-Kutta analysis does not coincide with the 
temperature of the stored information, an interpolation 
scheme is necessary to generate these values at these inter­
mediate temperatures. This interpolation function is 
performed by subroutine INTRPL. It was found by this author 
that storing the equilibrium composition every 10°K was 
sufficient to give accurate interpolated values at inter­
mediate temperature points. After the interpolation is 
performed CHARPR is called to generate the physical proper­
ties for the char. A new temperature is then generated and 
the procedure is repeated until the temperature of the char 
reaches the sublimation temperature of carbon at the given
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pressure.
For frozen flow the numerical solution while in the 
decomposition zone is the same. When the marching solution 
enters the char the primary difference is that CHEMEQ and 
INTRPL subroutines are bypassed. Instead, MAIN calls CPMIX 
to generate the heat capacity of the frozen flow mixture and 
then proceeds to call CHARPR for the physical properties of 
the char. A new temperature is generated as in the equili­
brium case and the process is repeated until the temperature 
of the char reaches the sublimation temperature of carbon 
at the given pressure.
Once the temperature profile is established, i.e., the 
energy equation has been solved, the program proceeds to cal­
culate the pressure profile. More is said about the pressure 
calculations after the description of the ABLATIN2 System 
which follows below.
The ABLATIN2 System
This analysis is programmed exclusively for non-equili­
brium flow chemistry where the rate of reaction of each 
species is described by finite rate chemistry. Compared to 
the chemical equilibrium analysis, the non-equilibrium flow 
analysis is easy to program. It takes three DO LOOPS and 
about 20 FORTRAN statements to calculate the rate of reaction 
of a chemical species which is simultaneously reacting in 
more than one chemical reaction.
The computing time for the non-equilibrium analysis
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however, exceeds that of chemical equilibrium by a factor 
of about 10. As was explained in Chapter V, this is due in 
part to the stiffness of the general energy equation caused 
by very fast chemical reactions taking place in the flow 
field. This stiffness requires that the step size be of the 
order of 10"? to 10~B feet to maintain numerical stability. 
Because the step size was so small many operations had to be 
made double precision to reduce round-off error. Operations 
in double precision arithmetic also increased the computing 
time.
In comparing Figure A-1 and Figure A-3 it is seen that 
the ABLATINl and ABLATIN2 systems use the same subroutines 
to describe the decomposition process. These subroutines 
are: INDPTH, PHMCR, NYLON and DNSITY. In addition, CHARPR
and INTRPL and the four previously mentioned subroutines 
perform the same functions in both the ABLATINl and ABLATIN2 
systems and will not be described again.
Non-Equilibrium Flow Analysis: The primary difference
between the equilibrium and non-equilibrium flow analyses is 
the way the rate of production of chemical species is com­
puted. In the chemical equilibrium analysis the rate of 
production of species, is computed from thermodynamic princi­
ples, while for non-equilibrium, finite rate chemistry is 
used. The rate of reaction of each species is computed by 
subroutine KINET. In the non-equilibrium flow analysis, 
changes in the mole flux of each species with temperature 
must be calculated as part of the Runge-Kutta analysis. That
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is, for each temperature generated in the Runge-Kutta 
analysis, a corresponding set of concentrations must be cal­
culated. This requires that KINET be called by MAIN at every 
new increment of temperature. This is necessary because the 
concentration changes are not only functions of temperature 
and pressure, but of composition as well. KINET in addition 
calls two other subroutines, INPUTl and THERM2 and their 
functions are subsequently explained.
KINET; This subprogram is the counterpart of CHEMEQ.
In it the reaction rate of each species is computed using 
finite rate data read in by INPUTl. The mole fraction, the 
total mass flux, the average molecular weight, the heat ca­
pacity of the mixture and the heat absorbed due to chemical 
reactions are also computed and stored for later use in the 
calculations. In addition, this subroutine controls the 
step size of the Runge-Kutta analysis to maintain stability. 
For the CHEMEQ analysis the step size needed to maintain sta­
bility is of the order of 10“  ̂to 10“  ̂feet, while for KINET 
a step size of the order of 10**̂ to 10“8 feet is necessary to 
maintain stability in regions where rapid chemical changes 
are occurring.
INPUTl: This subroutine reads in the kinetic data
needed to compute finite rate chemistry.
THERM2 : This subprogram is similar to THERMl with the
difference that the heat capacity of each species is calcula­
ted in addition to the heats of formation. This subprogram is 
called by KINET at every temperature.
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MAIN: The main program of ABLATIN2 performs very
similar operations as that for the ABLATINl system. In 
Figure A-4 a block flow diagram of the ABLATIN2 system is 
given. The principal difference is that in ABLATINl, MAIN 
calls CEEMEQ to generate the compositions of the species 
while in this case KINET is called by MAIN. The rest of the 
computations are the same as has been explained before.
Calculation of the Pressure Distribution
The pressure distribution through the char zone is 
calculated by integrating Equation (3-13) using a Simpson's 
rule integration. Since it was shown in Chapter III that 
this equation could be uncoupled from the energy equation, 
its solution is calculated after the temperature distribution 
is known. Therefore, the integration method for this momen­
tum equation is the same for both the ABLATINl and ABLATIN2 
system. Interpolation using subprogram INTRPL of both char 
distance and collision integral as a function of the tempe­
rature distribution across the char is required. These 
operations allow the calculation of the gas mixture viscocity 
as a function of char distance. The pressure calculation 
scheme used in this research was developed by April (4).
Simpson's Rule Integration Step; As discussed in 
Chapter III, the Simpson's Rule formula is used to integrate 
the pressure equation. Equation (3-13). As with the Runge- 
Kutta analysis it is necessary to select a step size that 
gives a fast, yet accurate solution to the equation. April
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(4) made a study of several interval sizes and his results 
are presented in Table A-1, As noted in this table, April 
(4) found that the solution of the momentum equation becomes 
stable with twenty integration steps.
Summary
In this appendix an introduction to the ABLATINl and 
ABLATIN2 systems was given. The ABLATINl system was deve­
loped to compute the total energy absorbed in the combined 
decomposition-char zone for a frozen and equilibrium flow 
model. These two analyses gave the lower and upper limits 
of the energy absorbed within the combined zones. The 
ABLATIN2 analysis was developed exclusively for non-equili­
brium flow chemistry. This analysis was said to be more 
time consuming on a computing machine, although it is simpler 
to program than the other two models. The various functions 
of each subprogram was explained in detail and block flow 
diagrams for both the ABLATINl and ABLATIN2 systems were 
given. Finally, a brief explanation on the solution of the 
pressure equation by MAIN, was given.
In Appendix B a complete listing of the ABLATINl and 
ABLATIN2 systems is presented along with typical input and 
output data for the frozen, equilibrium and non-equilibrium 
flow chemistry.



























TABLE A-1: Comparison of Various Simpson's Rule Increment 
Sizes for the Frozen Flow, Variable Physical 





Simpson's Rule Increment Size 
50 100 200
0.00 2175.5921 2175.5918 2175.5913 2175.5912
0.33 2173.4147 2173.4144 2173.4139 2173.4138
0.67 2168.7373 2168.7368 2168.7364 2168.7364
1.00 2160.0000 2160.0000 2160.0000 2160.0000
Conditions; W = 0.05 Ib/ft^-sec L= 0.0208 ft e = 0.8
Gas Composition (Mole/Mole Gas):
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APPENDIX B 
THE ABLATINl AND ABLATIN2 ANALYSES
As discussed in Appendix A, the ABLATINl and ABLATIN2 
programs are general analyses implemented in FORTRAN IV for 
studying the energy transfer in the decomposition zone and 
chcir zone of chaur forming ablators. The ABLATINl analysis 
was said to consider the pyrolysis gases to be either fro­
zen, or in chemical equilibrium. The ABLATIN2 analysis on 
the other hand, considers the gases to be in chemical 
non-equilibrium.
As was shown in Appendix A a great degree of overlap 
exists in the many common subroutines used by the two ana­
lyses. The rationale, however, for keeping the ABLATINl 
and ABLATIN2 analyses as separate programs was due to core 
restrictions. There were, in addition, other practical 
considerations regarding input-output which made the se­
parate development of these programs more practical.
A listing of the ABLATINl program with all the subrou­
tines is presented in Table B-1. An explanation of the 
function of each subroutine has been given in Appendix A.
Most of the subroutines are self-explanatory with most of the 
major functions explained through comment cards. The degree 
of modularity of this program makes it highly flexible, and 
subject to easy modification in the future. For this reason 
the author has provided ein extensive nomenclature of every
359
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important variable in the program. This was done in the 
hope of minimizing errors incurred in modifying any subrou­
tine. Furthermore, the listing allows easy cross referencing 
of variables among subroutines, which will further reduce the 
possibility of errors.
Communication among subroutines is mostly done by means 
of labeled common blocks, thus minimizing communication 
through arguments of a call. This was done to reduce compu­
ter time among frequently called subroutines. However, this 
method of structuring communication cein be very error prone 
and was an additional motivation for providing a nomenclature 
listing of every important variable. In this way any modifi­
cation of a variable can be cross checked in the nomenclature 
listing of every subroutine. A detailed explanation of the 
input format is also given in this Appendix.
Following the listing and explanation of input format 
for the ABLATINl program, is the listing of ABLATIN2. The 
ABLATIN2 is listed in Table B-4, In both cases, typical 
input data and output results are listed.















TABLE B-1. Listing of ABLATINl Program 1
2
30 C
■8 C--------- INDEPTH RESPONSE OF AN ABLATI VE COMPOSITE 4
1  C E Q U I L I B R I U M  A N A L Y S I S .  5





^  C 0MM0N / K A / S 1< 6 ) , S 2 ( 6 ) , S 3 ( 6 ) , S 4 ( 6 ) , S 5 ( 6 ) , S 6 ( 6 ) , A 11 ( 6 ) ,  11
8 1A22 ( 6 ) , A 33 ( 6 » , A 4 4 <6 ) » A 5 5 ( 6 » , A 6 6 ( 6 » , A A ( 3 0 , 6 ) , J C G D E ( 6 ) 12
S C G M M O N / K B / A I  ( 3 0 » f B I  ( 3 0 ) » C H 3 0 I ♦ 01(301  , E I  <3 0 ) , F I (  3 0 ) ,  13
I G K 3 0 ) , A I I ( 3 0 ) , B I 1 ( 3 0 ) , C I I < 3 0 ) , D I I ( 3 0 ) , E I  1 ( 3 0 ) ,  14
2 F I K 3 0 ) , G I I ( 3 0 ) , T L G W ( 3 0 )  15
C G M M G N / K C / I C G O E ( 3 0 ) , Y ( 3 0 ) ♦ FW( 3 0 )  16
C G MM ON / K C C / S P CI E l  ( 3 0 ) ♦ S P C I E 2 ( 3 0 ) , T A B L E < 3 5 3 , 2 5 )  17
C O M M G N / K E / X T K E ( 1 0 0 ) ,ZOMGA( 1 0 0 ) , E K ( 1 0 0 ) , S I G ( 1 0 0 )  18
C GM M GN / K EE / P L , R R , T Z E R O , E PS ♦ K EY , N N, NQ, M M 19
COMMON/KI / W, KMAX,KOUNT 2 0
COMMGN/KJ/ OELTKt TVAR 21
CO MM ON / K F / C PS f C D O , D C D O , JC H A R , TC  22
CGM M GN / KK / I P  23
COM M ON / KL / WT O T A L , RH O I I  24





DI MENSI ON T 0 K ( 2 0 n )  , C H A R D N ( 2 0 0 )  ,  Z1 ( 2 0 0  ) , T 1 ( 2 0 0  ) , ZK ( 4  1 ) ,» Z Y ( 41 ) ,  30
1 T P ( 4 1 ) , P ( 4 l ) , W F L U X ( 4 1 ) , T T ( 2 1 ) , P R 0 n % 2 1 ) ,  31 w
2YCUMP( 3 0 , 4 1  ) t P R O D C P I Z l )  , P R G D R ( 2 1 )  , C 0 N D ( 3 0 ) , C V ( 3 ^ ! i  ♦ 32 *



















C ----------D E F I NE  THE A R I T H M ET I C  STATEMENT FUNCTIONS FOR THE 40
C RUNGE-KUTTA A N A L Y S I S .  41
C 4 2
C 43
F ( A ) = + G R O U P * A  4 4
















g  c RR=GAS CONSTANT( I . 9 8 7 2 6 B T U / < L B - M O L E  ORI  50
^  C TZERO=REFERENCE TEMPERATURE 51
C TFMAX=MAXIMUM ALLOWABLE TEMPERATURE FOR T H I S  MODEL ( O F )  52
53
R R = 1 . 9 8 7 2 6  54
55
56
°  C  H S I M P I =S I M P S O N » S  RULE INCREMENT S I Z E ( F T )  USED 57
C 
C
^  c I N  THE SOLUTION OF THE MOMENTUM EQUATION 58
59





C NC=NO.  OF GAS SPECI ES 63
C NNS=NO.  OF L I Q U I D  OR SOLID SPECIES 64
C NS=NC+NNS( TOTAL NUMBER OF S P E C I E S )  65 w
C MM=NO. OF ELEMENTS 6 6  g
C K0DE=1 C O N D U C T I V I T Y  OF CHAR WITH GAS I N  PORES 67
C K0DE=2 C O N D U C T I V I T Y  OF CHAR WITH PORES EVACUATED 68
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5  C S I . . . S 6 ( APPLY BETWEEN 1 0 0 0 - 6 0 0 0  OKI 1 0 4
o C A l l , . . A 6 6 ( A P P L Y  BETWEEN 3 0 0 - 1 0 0 0  OKI 1 0 5Og  C J C 0 D E ( J I = 0  THE REFERENCE ELEMENT I S  I N  THE GAS S T A T E .  1 0 6
i-  C J C 0 0 E ( J I = 1  THE REFERENCE ELEMENT I S  IN THE SOL I D  S T A T E .  1 0 7
C A I . . . E K H E A T  CAPACI TY  C O N S TA N T S . . . 1 0 0 0 - 6 0 0 0  OKI  108
I  C F I , Q I C  NEEDED TO CALCULATE THE ENTHALPY,ENTROPY 1 0 9
g C AND FREE ENERGY. . . .  1 0 0 0 - 6 0 0 0  OK) 1 1 0
^ C A I I . . . G I 1 ( 3 0 0 - 1 0 0 0  OK) 111
?  C AA=FORMULA NUMBER. G I V E S  THE ATOMS OF ELEMENT J 112
^  C I N SPECI E  I .  1 1 3
1 1 4
3 C T L O W I I l = M I N I M U M  TEMPERATURE AT WHICH THE HIGH TEMPERATURE 115
1  C F I T  I S  A P P L I C A B L E .  1 1 6
g- C FW( I  ) = MOLECULAR WEIGHT OF SPECI E  I .  117
â  C Y I ( I ) = M O L E  FRACTI ON OF SPECIE I .  118
§ C S P C I E l  AND S PC I E2  ARE THE SPECI ES I D E N T I F I C A T I O N  1 1 9
I  C I C 0 0 E ( I ) = 0  SPECI E I S  A GAS 1 2 0






5. c----READ E MP I R I C A L  CONSTANTS TO CALCULATE THE S EN SI BL E  126
m C ENTHALPY CHANGE OF THE CONSTITUENT ELEMENTS.  127
1. C 128
2. C 129
°  0 0  9 J= 1 , MM 1 3 0
READ 1 8 , S 1 ( J )  , S 2 ( J )  f S 3 ( J l  , S 4 ( J ) , S 5 ( J ) , S 6 ( J ) , J C O D E ( J )  131
READ 1 8 , A 1 1 ( J I , A 2 2 ( J ) , A 3 3 ( J ) , A 4 4 ( J ) , A 5 5 ( J ) , A 6 6 ( J I  132
9 CONTINUE 1 3 3  w
0 0 1 5 1 = 1 , NS 134  2
READ 1 4 , T L 0 W ( I ) ,FW< I ) , Y I ( I ) , S P C l E K I  I , S P C I E 2 (  I ) , I CODE(  I )  135













CD C----------- RËAO E MP I R I C A L  CONSTANTS TO CALCULATE THE HEAT 1 3 9
0 C CAPACITY OF THE SOL I D  PLUS TWO A D D I T I ONAL  CONSTANTS 140
1  C TO CALCULATE THE ENTHALPY, THE ENTROPY AND THE FREE 141
g  C ENERGY OF THE SYSTEM 142
0 C 1 4 3
1 C 1 4 4
 ̂ R E A D i B f A i i  n , B n n , c n n , D i ( i ) , E i ( i i , F i ( n , G i ( i i  1 4 5
-n R E A D i 3 , A i n n , B i i ( n , c i i ( n , D i u n , E i i ( i » , F i n n , G i n n  i 4 6
1 4 7
1 4 81 c----- READ I N THE FORMULA NUMBERS 1 4 9
■ D C  1 5 0
151




C EK=POTENTI AL  PARAMETER/BGLTZMAN CONSTANT.  1 5 6
C S I G = C O L L I  SION D I A M E T E R ( ANGSTRONG U N I T S ) .  157
C THESE CONSTANTS ARE USED TO DETERMINE THE 1 5 8
C V I S C O C I T Y  AND THERMAL C O ND U C T I V I T Y  OF THE 1 59
C REACTI NG GAS M I X T U R E .  160
CD V .  161
3 C NDATA=NO.  OF XTKE VS.  ZOMGA DATA POINTS 162
M C XTKE=PROnUCT OF TEMPERATURE AND l / E K  VALUE 163
5 C ZOMGA=CGLLI SI ON INTEGRAL TABULATED VS XTKE 164
C 1 6 5
C 1 6 6
C 1 6 7  w
R E A D 1 6 , ( FK( I ) , S I G ( I ) ,1 = 1 ,NC)  1 6 8  S
16 F O R M A T ! 2 F 1 5 . 5» 169




















R E A D 1 7 , ( X T K E ( I ) , Z O M G A ( I ) , I = 1 , N Ü A T A I 171
17 F O R M A T * 2 F 1 5 . 5) 172
18 F O R M A T * 6 E 1 0 . 4 , I 3 ) 1 73
21 F 0 R M A T ( 3 E 1 5 . 5 , F 1 5 . 5 ) 174
C 1 7 5
C 1 7 6
C 1 7 7
C-------- - I N I T I A L I Z A T I O N  OF PARAMETERS 1 7 8
C 1 79
c 1 8 0
c 181
c N=CGUNTER OF RUNGE KUTTA STEPS 1 82
c 1 8 3
N=1 1 8 4
c 1 8 5
c T O = I N I T I A L  TEMPERATURE OF BACK SURFACE( OF) 1 86
c I T  I S  A S P E C I F I E D  BOUNDARY C O N D I T I O N . 1 8 7
TC = TO 1 88
c 1 89
c TC=INSTANTANEOUS TEMPERATURE OF THE SVST EMI OF ) 190
c 191
K1 = I 192
c 1 93
- K 1 = G I V E S  THE TOTAL NUMBER OF DATA POINTS STORED. 1 9 4
c SHOULD NOT EXCEED THE D I MENSI ON OF V A R I A B L E S . 195
c 1 9 6
K0UNT=1 197
c 1 9 8
c 1 9 9
c -------- - KOUNT I S  A CODE.  I T  I S  USED TO DETERMINE WHETHER 2 0 0
c THE CHEMEQ SUBROUTINE SHOULD BE CALLED OR BYPASSED. 201
c THE LOGIC I N T H I S  PROGRAM I S  SUCH THAT CHEMEQ IS 2 0 2
c CALLED ONLY ONCE.  T H I S  I S  POSSI BLE BECAUSE AT E Q U I L I B R I U M 2 0 3
c THE COMPOSIT ION I S  ONLY A FUNCTI ON OF TEMPERATURE AND 2 0 4
W<T\a\
567
A. ^  , A 4 A 4 At A 4 AI At At A  I AI Al Al Al Al Al Al At Al Al Al Al Al Al Al Al Al Al Al
tr \0 r- GD




» Z LO »
(/) Q o 1 *—
1—• LU w Z CM V#
LO 1- * LU
1/5 (/) u * 3
<  < < (/5 1- CD
CL LU LU LL <
LU > et L/5 ''V K
s: cc < 3
_l O L» Z
I- tr. < CD
U o
UJ z L/5 C
U Cf Z O 3
Z LU LU 3 et
LU Z. X O _l a
a  LU u _) c 4—
«- X IL L/5 1/5
V) L) LU
LU X LU LU 00
et CM K X X 3
II 1- h- 3
LL h~ > CDc z CD > > <
CD CCz u O eto ̂ LU O Q <ec LU UJ >
1- z oc ec 33
(J> LU o oc CC 3
z  X «/) 3 O 3
3  3 CD L/5 en
ll CD CD QC
< <x 3
<  • 1- CC
LU' < h- 1- Z
K VO LU < < 3O < X -* LU LU Z
Z  u u X u X
O' IL LU LU 3c (/) IT O L/5 LL 1/5 LL Xz o 1 O 1 r; I-<I " » LU CM CML- rO00 » h- * LU■» LU 00
LU LU f—<O' O • <  ♦ h-« 4- • « 3£t Z II CM II O et K • < h4 • < o •C >
3  — et II IL II II IL O et IL C et II o II1/3 < O C'O LL m-« -4 "S, Il I V Il II > II 3t Oi/) I (tO II II H- O U 3 r4 (-43 CM CM o o K
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KL U XX _ l cO wa X o L U
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o 31 CONTINUE 273
g  C 2 7 4
CD C 2 7 5
o G W=MASS F L U X ( L B 5 / F T * * 2 ( T 0 T A L ) - S E C )  276
5  W=WI 2 7 7
2 7 8
2 7 9
C----------THE UNI TS  OF MASS FLUX FOR THE PRESSURE PROFI LE ARE: 2 8 0





C Z = D I  STANCE I N  FEET 2 8 6
S. C Z L=THI CK NESS OF CHAR I N  INCHES 2 8 7
a  C Z I NC= I NCR EMEN TS OF DISTANCE AT WHICH VARIABLES 2 8 8
g  C SHOULD BE STORED.  2 8 9
2 9 0
291
Ë Z 2 = 0 .  292
S C Z2 =VA RI ABLE USED TO COMPARE WHETHER THE DISTANCE 2 9 3







■g TVAR = ( TC + 4 5 9 . 6 9 ) / I .  8 2 9 7
C TVAR=TEMPERATURF IN OK, 2 9 8
C 299
Z Z = 0 .  3 0 0
Z L L = Z L / 1 2 .  301
P R I N T  5 1 , Z L L , H  302  ^
51 F O R M A T ! I X , • Z L L = ' D 2 0 . l 0 f • H = * F 1 5 . 7 )  3 0 3  %













o------------c---------- INOEPTH RESPONSE OF ABLATI VE COMPOSITES.  3 0 7
g  C FOR BACK SURFACE TEMPERATURE AND HEAT 3 0 8
(D C FLUX S P E C I F I E D .  THE EQUATION OF ENERGY 3 0 9
0 C I S  A SECOND ORDER,  N O N - L I N E A R ,  ORDINARY D I F F E RE NT I A L  3 1 0
1  C EQUATION WITH VARI ABLE C O E F F I C I E N T S .  3 1 1
g  C THE NUMERICAL TECHNIQUE USED I S  A 4TH ORDER 312












m  C TCHAR=TEMPERATURE AT WHICH ALL OF THE V I R G I N  3 1 8
C MATERIAL HAS DECOMPOSED.  3 1 9
3 2 0
Z I N C = 1 . 2 E - 5  321
a  Z I N C = 2 . 2 E - 4  322
DELZ=H 3 2 3
H11=H 3 2 4





C 3 3 0
331
332
% C COOV=THERMAL C O N D U C T I V I T Y  OF V I R G I N  MAT ERI AL !  3 3 3
§ C B T U / C F T - S E C - O F )  3 3 4
C DCDOV=THE D E R I V A T I V E  OF CDOV WITH TEMPERATURE( P T U / 1 F T - 2 E C  ) ) 3 3 5
C GASCP=HEAT CAPACI TY  OF M I X T U R F ( B T U / L B - O F ) 3 3 6
C Q=HEAT ABSORBED BY DEPOLYMERI ZATION OF THE 3 3 7  ^
C V I R G I N  PLASTI C  COMPOSI T E ( B T U / F T 3 - S E C I  3 3 8  ^
C CPV=HEAT CAPACITY OF V I R G I N  COMPOSITE I B T U / L B - O F )  3 3 9
C RHü=D EN SI TY  OF V I R G I N  COMPOSITE 3 4 0
CALL I NOP T H ( T C , C D O V , D C D O V , G A S C P , Q , C P V , R H O , T V A R ,  
1 0 E L T K , N , D E L Z , V R , W , H )
371
CVJ m if> O r- oo O' o w (VJ m in « GO O' o #4 fM m < in o GO O' o nj
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C OVER ALL E F F E CT I V E  THERMAL C O NDU CT I V I TY  OF THE GAS AND C H A R ) .  4 0 9
C 4 1 0
C 411
102  CALL CHARPR 4 1 2
I F (  I N O . E Q . O ) D T C = Q C Z I / C D O  4 1 3
I ND=1  4 1 4








C----------CALCULATE THE HEAT CAPACITY OF A FROZEN FLOW MIXTURE 4 1 8
4 1 9
4 2 0
CALL C P M I X ( T V A R , N N , C P M X )  4 2 1
GASCP=CPMX/AVGFW 4 2 2
423
g- G O T O l l l  4 2 4
a  1 0 4  I F ( K 0 U N T , E Q . 2 ) G O T O 1 0 5  4 2 5
°  CALL CKËMEQ 4 2 6
GO TO 3 0 0  4 2 7
4 2 8
S C----------- CHEMEQ SUBROUTINE CALCULATES THE E Q U I L I B R I U M  COMPOSIT ION 4 2 9
Q. C OF THE REACTING GASES.  I T  ALSO CALCULATES THE HEAT ABSORBED 4 3 0
I  C OR RELEASE DUE TO THE CHEMICAL R E ACT I ON.  IN A D D I T I ON  I T  4 31
f  C FURNISHES THE NEEDED AVERAGE MOLECULAR WEIGHT AND HEAT 4 3 2
C CAPACITY OF THE MI XT URE .  4 3 3
4 3 4
105  D 0 1 1 0 K L = 2 , 5  4 3 5
CALL O M E G A ! T V A R , T A B L E ! 1 , 1 ) , T A B L E I 1 , K L ) , K M A X , V A R Y )  4 3 6
C OMEGA I S  AN I NTERPOLATI ON R O UT I N E .  SEE BEGI NNI NG 4 3 7
C OF PROGRAM FOR EXPLANATION OF VARIABLES STORED I N  T A B L E ! I , J )  4 3 8
I I = K L - 1  4 3 9  w
GOTO! 1 0 6 , 1  0 7 , 1 0 8 ,  1 0 9 )  , I  I 4 4 0  [ j
106  REACT=VARY 441
C REACT=HEAT EFFECT DUE TO CHEMICAL R E ACT I ONS .  T H I S  4 4 2
374
cm IfN <0 ^  CD O' 0  (\l m in <3 M CO O' 0 CVI m «9 in 0 CO O' 0 #4 (\i m 9- in
'J- < <- If» m  IT in in in in in in in <0 '0 <0 <c <0 <0 0 <0 C «0 r - r - r'- h- r*- h- r -




cx u. VO 3
3 0 1 c 31- 1 K 1 3
X LW 3 <3 X
3 •X 3 3 z
z 0 X V/5 0 0
Z K 1 M1/) 1 3 1- 3 3
LU < IB w 3 (3 w
X 0 3 3 ■x Z 0
(- V 3 X < Z QCLU 3 X h- 3 a <• X 1- 3 K 03 VO 0 I
3 K co 3 < 13
a I- 0 3 > 0 z
_i LL LL 3 3 Q 3 3 3UJ 0 0 QC 3 a 3 X IM XCE 1 u 3 Q X. z > 3 0 30 K 3 I- » 3 QC
X LU X VO X 3 1- 3 3 3 3
cc 1/1 0 1 0 3 VO *- <3 0LL 1 3 z 1 3 3 a X X 3 QCK CM LU < CD 3 3 * H c QC 0 >H> 3 1— 3 3 3 1 c z X 3 3
a LL C I X. 3 3 • 0 3 a 33 QC H K 3 3 a 3 3 0 V3 < VO VO0 3 < 1 h~ H- * 3 3 0 0 CC z
cx K 3 CM 3 CD 3 3 » H- t- 1 0 3 3 3
0 cc 3 * 0 «o 3 u CC CC 3 QC 3 <0 U <S CL z Qw C # > 0 VO > CM > 3 >  3 3 Z z QC
z •JJ 3 t— > h - * < # fU X, 0 * O > 3 3 3 3 X
cc 3 3 I- 1—• H- 0 c rU * CC * z o 3 3 3 3< 0 V, 3 u 0 * X 0 3C Ü < VO 0 X X
LU z VO U 3 <3 < VO e c k— I 3 X UJ 0 3 3 3 a CDLO L- CC < a 3 3 3 * 0 3 3 > u > + > C X3 0 3 3 a > «3 CC 3 VO 0 < u z 0 z 0 3 0 3
< C w < < U + * 3 1- VO 0 3 0 3 1- > 3 QC X1/1 LU < X 0 fH 3 U c < 0 * 0 > < z 0 3
QC > iX 1/5 3 X 3 0 + + # 1- 0 + VO ■f z > 3 3
QC UJ Q- 3 > I- z < < CM 1- 3 * 3 CM CD 0 3 3UJ LL <C > 3 3 QC <r 3 3 3 3 IB CD C w 3 CC 0 CD u 3 31X > 3
3 0 0 > < 0 * 0 < 3 0 X 3 cc 3 3 '# II II 3 II 3 3 3 < 0 >9 <rCO #"4 II II #H > (/> rU > X It II z II a 0 > ec 0 0 VO 0 II C 3 CE CO 1̂ 4 3<r </) pH 3 3 4-1DC W pH II II 3 3 fH II II 3 <r 3 II 3 II 3 II 3 (3 < m4 X
1- 0 IL 3 0 < < 0 X X 0 0 I— U "-I CM XC X > 3 >  CM X 0 II II 0 0
cc 1- 0 0 H  >  Z  K  Z z VO VO z  < CD CO u z CD Z  CD 0 0 0 0 3 3 3< z 0 > > c II II a a 3 < 0  3  3 3 3 0 0 3 0 3 a c 0 0 3 X 0 <> 3 0  < <J 0  jC 3  0  0 U 0 tr> U  QC 0 0 w ec 0 0 0  U 0 Q u CD 31 (3 u1




0 0 0 p-i 1 1#4 pH pH 1 1
u U 0 0 u u u  0 0 U V3w  0 u  0






























 ̂ cs c
114




R0CHAR=8ULK D ENSI TY  OF THE C H A R ( L 8 S / F T * * 3 ) 4 8 0
CONVEG=W*GASCP 4 81
CPR1=CPB1+C0NVEG*DELTFF 4 8 2
CONVES=CPS*ROCHAR*VR 4 8 3
C P 8 2= CP B2 + C0 NV E S* DE L T F F 4 8 4
REAC1=REAC1+REACT*DELTFF 4 8 5
GROUP=(CGNVEG+CONVES+REACT-DCDO*DTCI /CDO 4 8 6
VR = SURFACE RECESSION V E L O C I T V I F T / S E C )
4 8 7
4 8 8
THE ABOVE GROUP TERM HOLDS FOR E Q U I L I B R I U M  I N  THE CHAR 4 8 9
G 0 T Ü 1 1 4 4 9 0
GROUP=( W* GASCP+CPV*R HO* VR +Q/ DTC - OCDOV* DTC) / CDOV 491
- T H E  ABOVE GROUP TERM I S  USED DURING THE DEPOLYMER I Z A T I O N  OF
4 9 2
4 9 3




D E L G1 = H * G( A ) 4 9 7
D E L F 1 = H * F ( A ) 4 9 8
0 E L G 2 = H * G ( A + D E L F l / 2 . ) 4 9 9
DELF 2 = H * F ( A + D E L F l / 2 . ) 5 0 0
D E L G 3 = H * G ( A + D E L F 2 / 2 .  ) 501
D E L F 3 = H * F ( A + D E L F 2 / 2 . I 50?
D E L G 4 = H * G ( A + D E L F 3 ) 5 03
D E L F 4 = H * F ( A + D E L F 3 ) 5 0 4
0 T C = D T C + ( D E L F l + 2 . * ( D E L F 2 + D E L F 3 ) + D E L F 4 ) / 6 . 505
I F ( I N D . E Q . 0 ) G O T O 1 1 5 5 0 6
QCZ=CDO*DTC 5 0 7
TPREV=TC 5 0 8
IF ( H . LT  .0. B F - a i G O T G l  17 5 0 9
T C = T C + ( D E L G l + 2 . n E L G ? + D F L G 3 ) + D E L G 4 » / 6 . 5 1 0
w






















117  I F < K l O . E Q . O ) T T T T = T C  
K 1 0 = l
DTCC=DTC
T T T T = T T T T + H 1 1 * DT C C
TC=TTTT
118  DE L T F F = TC - T P R E V  
D E L T K = 0 E L T F F / 1 . 8
— COMPARE THE TEMPERATURE CALCUALTED WITH THE MAXIMUM VALUE
1 38  ZPREV=ZZ  
Z Z = Z Z + H1 1
I F ( T C . G T . 1 0 C 0 . ) H = 2 . E - 5  
I F (  K E Y . E Q .  D G O T G l A l  
I F (  T C . G T . 1 5 0 0 . ) H = 2 . E - 6  
I F ( T C . G T . 3 0 0 0 . » H = l . E - 6  
I F ( T C . G T . 3 5 0 0 . ) H = 0 . 5 E - 6  
H11=H  
Z=ZZ
141 I F ( T C . G T . T F M A X ) G O T G 1 5 0  
N=N+1
I F ! T V A R . L Ë . TCHAR»Z2=ZZ  
I F ( T V A R . L E . T C H A R I G O T G l O l  
I F ( Z  2 . G T . Z Z I G O T G l O l  
140 P R I N T  1 4 2 , T C , H , O T C , G A S C P , O C D O . G R O U P , R E A C T , CDD
142 F O RM A T !lX,'TF=*Fq.4,» H=*E14.6, • 0T=*E11.5,« CP='F6.4," DKE=*E11
1.5,' GRP='E12.5,' Q='E11.4,' KE='E11.5)
P R I N T  1140,A V G FW , W, C P MX , T V AR , K M A X , C P S , GASCP, R H Ü , OCZ 
1140 F O R M A T ! I X , ' A V G F W = ' F  7 . 3 , '  W= ' F  7 . 5 , '  C P M X = ' E 9 . 2 , '  T V A R = ' F 7
GASCP=»F 6I ' K M A X = ' I 5 , '  C P S = ' F  6 . 3 , '  
I F ! T C . G T , 2 6 0 C . ) Z I N C = 1 . 2 E - 5  
Z 2 = Z 2 + Z I N C
4 , '  R H 0 = ' F R . 4 , '
2,















































Z l (  k :1) = ZPREV 5 4 5
T 1 { K U  = TPREV 5 4 6
CHARI)N( K l  ) =ROCHAR 5 4 7
T Q K ( K I ) = T V A R  5 4 8
5 4 9
cQ C 5 5 0
-  c -----------STORE THE TEMPERATURE PROFI LE FOR LATER USE IN THE SOLUTION 551
e c OF THE MOMENTUM EQUATI ON.  5 5 2
5 53
554
P R I N T  1 5 3 , R E A G I , C P B I , C P B 2 . Z P R E V , K l  5 5 5
(P 153  F 0 R M A T ( 1 X , * R E A C 1  = * E 1 5 . 7 , *  GPR1= • E 15 .  7 ,  » GPB2 = • El  5 7 ,  5 5 6
;  1* Z P R E V = * E 1 5 . 7 , I 5 / )  5 5 7
-8 K l = K l  + l  5 5 6
g  I F I K l . G T . 1 9 9 ) K 1 = 1 9 9  5 5 9
8 G O T O l O l  5 6 0
I  1 5 0  TL=TG 561
-o G T L = F I N A L  TEMPERATURE 5 6 2
0 P R I N T  1 1 4 0 , AVGF W, W, GPMX, T VAR , K MAX, GPS, GA SGP, RHO, QGZ  5 6 3
g  P R I N T  1 4 2 , TG , H , D T G , G A S G P , D G O O , G R O U P , RE AC T , GDO 564
m P R I N T  1 5 3 , R E A G I , G P B 1 , G P B 2 , Z P R E V , K l  5 6 5
g T 1 ( K 1 ) = T L  5 6 6
§■ G THE TEMPERATURE PROFI LE  HAS BEEN DEF I NED 5 6 7
1  D E L T T = T L - T l ( l )  5 6 8
■g C OELTT=TEMPERATURE DROP ACROSS THE CHAR( OF)  5 6 9




T O K ( K 1 ) = I T C + 4 5 9 . 6 9 ) / 1 . 8  5 7 2
P R I N T  1 5 4  5 7 3
1 54  F O R M A T ! I H l ,  7 X , « T ( 0 F ) « ,  9 X , * T ( 0 K ) * ,  1 1 X , * Z * I  5 7 4
DO 156  1 = 1 , K1 5 7 5  ^
P R I N T  1 5 5 , T 1 (  n  , TOK(  I )  , Z l < n  5 7 6  ^
155 F 0 R M A T ( 1 X , 4 E 1 5 . 7 )  5 7 7










D ISTAN = Z K K l ) - Z l  ( I  ) *579
C OI STAN I S  THF THICKNESS OF THE CHAR.  5 8 0
501
C---------- CALCULATION OF THE PRESSURE PROFI LE I N  THE 582
5  C CHAR USING S I M P SO N ' S  RULE FOR THE INTEGRATI ON 583
C OF THE MOMENTUM EQUATION FOLLOWS.  584
;  C 585
I  J S = 3 9  5 8 6
^ C JS=NUMBER OF S L I C E S  I N  THE CHAR 5 8 7
H S = D I S T A N / F L O A T < J S Ï  5 8 8
C HS=INCREMENT OF G R I D ! I N  FEET)  5 8 9
0,--------------------------- C---------- I N I T I A L I Z E  5 9 0
;  S I M P I = 0 .  591
S I M P 2 = 0 .  5 9 2
B. ITEMP=K1 5 9 3
0  C ITEMP=TOTAL NUMBER OF TEMPERATURE POINTS STORED 5 9 4
1  L S = JS +1  5 9 5
73 W F L U X( 1 )  = WI 5 9 6
§. Z X ( L S )  =  Z 1 ( K 1 )  5 9 7
Ë  T P ( L S ) = T L  5 9 8
§  P ( L S ) = P L  5 9 9
g C 6 0 0
g  C---------- THE I NTEGRATION OF THE MOMENTUM EQUATION I S  PERFORMED 601
I  C FROM THE FRONT SURFACE OF THE CHAR TO THE BACK SURFACE 6 0 2
■o C THE I NTEGRATI ON OF THE ENERGY EQUATI ON,  ON THE OTHER 6 0 3
3 C HAND,  WAS PERFORMED FROM THE V I R G I N  MATERIAL TO THF FRONT 6 0 4
w C SURFACE OF THE CHAR.  BECAUSE THE D I R E C T I O N  OF INTEGRATI ON 6 0 5
5 C OF BOTH EQUATIONS ARE DI FFERENT I T  I S  NECESSARY TO R E -  6 0 6
^ C DEF I NE  Z = 0 .  AT THE FRONT SURFACE OF THE CHAR.  6 0 7
C 6 0 8
A C 0 N 1 = 2 . 6 6 9 3 E - 3  6 0 9  w
A C O N 5 = 2 . 4 2 / 3 6 0 0 .  6 1 0












o H S I M P I = H S / F L O A T ( MS) 6 1 3
Z: MP = MS + l  6 1 4
^  D 0 2 6 0 N = I , J S  6 1 5
0 NGAR=N-1  6 1 6
1  HN=NBAR 6 1 7
g  LO=LS-NBAR 6 1 8
0 Z X ( L O ) = Z X ( L S ) - H N * H S  6 1 9
1 Z Y { M P ) = Z X ( L O )  6 2 0
^  C DEFI NE MP AS THE TOTAL NO. OF POINT OVER WHICH S I MP SONS ' S  6 21
^  C ROLE I S  TO BE A P P L I ED  6 2 2
D 0 2 4 1 M = 1 , M P  6 2 3
MBAR=M-1 6 2 4
Z HM=MBAR 6 2 5
■S MO-MP-MBAR 6 2 6
â  Z Y ( M O ) = Z Y ( M P ) - H M « H S I M P I  6 2 7
a  ZVAR=ZY(MO)  6 2 8
o I F I Z V A R . L T . Z K I )  >ZVAR = Z 1 ( 1 )  6 2 9
33"
(D
■O C 6 3 0
0 c ---------FOR A S P E C IF IE D  CHAR DISTANCE O BTAIN THF 631
g; C CORRESPONDING TEMPERATURE FROM THE TE MP E -  6 3 2
& C RATURE PROFILE 6 3 3
g C 6 3 4
3= CALL OMEGA! Z V A R t Z l  , T1  , 1 T E M P , T V I S )  6 3 5
1  C T V I S  I S  THE I NTERPOLATED TEMPERATURE I N OF ' 6 3 6
■g C WHICH CORRESPONDS TO THE VALUE OF ZVAR 6 3 7
3 T K = ( 4 5 9 . 6 9 + T V I S ) / 1 . B  6 3 8
w C TK=TEMPERATURE I N  KE L V I N  6 3 9
5 D 0 2 0 5 I = 1 , N C  6 4 0
T K E = T K / E K ( I )  6 4 1
C 6 4 2
C 6 4 3  w
C ----------FOR THE VALUE OF INTERPOLATED TEMPERATURE F I N D  6 4 4  ^
C THE CORRESPONDING C O L L I S I O N  INTEGRAL TO CALCULATE 6 4 5
C THE PURE GAS V I SC O CI T Y  USING THE METHOD CE WI LKE-JOHNSÜN 6 4 6
380
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X o C O c o in QC z O LL >  C o O o
w O ' a z < C o k  o CD > •
1/5 o <-• 3 z > CO O O LL QC oc k
< «0 «-4 • It IT k <  in L L < r > < CD
C5 « * k - » (M C O I • • < CD • cn oc >LL _ l <\Jc? L3 O C M II k - UJ z ■ o _J LU k z G < II
z o II LU • • _ l (M ac - I U. _J O L U O Z  o 3 LU > (50 k >
o a «> o  — k- aC CQ • a o  » Z • II > f-4 in QC
II u U J II X o II cc IL < k - I oc _J II 3 3 CM OC C M 1 C_J < z iC X  3 k * OC < X U J _J X X X L L o < c _ j >
—1 o C O w  _ ) < CM L U ec 3 k 3  — < CD k > k X< I z M L L L L z u. o >  o X < < 3 U - Z <  L L z L L > D II c L Lo o > >  3 o k - O k “ > UJ O X < CD 3  CD >
ir\ nO in so
o o
(M tvi C M C M
u  u o O  L U o o  o o  o u OJ u o











o Y ( K L - 5 ) = 1 . E - 1 "  6 8 1
5  2 1 7  I F t M . G T . l ) G O T n 2 I 8  6 8 2
n T P ( L Ü ) = T V I S  6 8 3
g WFLUX( LO)=W 6 8 4
KYC0MP=KL- 5  6 8 5
YCOMP(KYCaMP, LO»=Y(KYCOMP)  6 8 6
0 2 18  CONTINUE 6 8 7
1 V M I X = 0 .  6 0 8
r  G 0 T 0 2 2 4  6 0 9
-n 2 2 2  I F ( M  , G T .  1 Ï G 0 T 0 2 2 4  6 9 0
%  0 0  2 2 3  1 = 1 , NS 691
Y C O M P ( I , L O ) = X H D L ( ï )  6 9 2
WFLUXCLO)=W 6 9 3
2 2 3  T P ( L O ) = T V I S  6 9 4
2 2 4  DO 2 3 6  J = l , N C  6 9 5
T E R M = l .  6 9 6
D O 2 3 0 L = l , N C  6 9 7
I F ( L . E Q . J ) G Ü T 0 2 3 0  6 9 8
T O P V = ( l . + S Q R T ( V I S ( J l / V I S ( L » ) ♦ SQRT( S OR T ( F W( L > / FW( J ) ) ) ) + * 2  6 9 9
BOTV= S Q R T ( 2 . ) * S Q R T ( 1 . + F W ( J ) / F W ( L ) ) * 2 .  7 0 0
P HI V = T O P V / B O T V  7C1
T E R M = T E R M + P H I V * ( Y ( L ) / Y ( J ) )  7 0 2
2 30  CONTINUE 7 0 3
V M I X = V N I X + V I S ( J l /TERM 7 0 4
2 3 6  CONTINUE 7 0 5
G G T 02 3 8  7 0 6
2 3 7  V I S C O S = V I S ( n * A C 0 N 5  7 0 7
C A C O N 5 = 2 . 4 2 / 3 6 0 0 .  7 0 8
G 0 T 0 2 3 9  7 0 9
2 3 8  V I S C U S = V M I X * A C 0 N 5  7 1 0
2 39 P R O D ( M ü ) = T V I S * V I S C O S * W / A V G F W  711  w
T T ( M 0 ) = T V I S / A V G F W * ( W * * 2 )  712  ™
241  CONTINUE 7 1 3








































INTFG^ATE USING SIMPSONS PULF 
SUM1=0.
S U M 2 = ] ,
S U M 3 =] .
SUM4=0.
MODO=MP-2
Ü 0 2 5 5 K P = 3 ♦ M Ü 0 0 » 2
S U M 1 = S U M 1 + 2 . # P R 0 D ( K P )
SUM3=SUM3+2.  * T T (  KP)
MEVFN=MP-1  
D 0 2 5 6 K P = 2 , M E V E N , 2  
SUM2 = SUM2 + 4 . ♦PROO( KP)
S U M 4 = S U M 4 + 4 . * T T ( K P )
SIMP 1 = ( H S I M P I / 3 . 0 ) ♦ ( P R O D d ) +SUMl  + SUM2 + P R 0 D ( M P ) ) + S Î M P l  
S T M P 2 = ( H S I M P I / 3 . 0 ) ♦ ( T T ( l ) + SUM3+SUM4+TT( MP» ) +S I M P2  
F R 2 = 7 7 R . 1 6 / 3 2 , 2
P ( L 0 - 1 ) = S 0 R T ( P L * * 2 + ( 2 . * R R ) * F R 2 * ( A L P H A * S I M P 1 + R E T A * S Ï M P 2 I ) 
CONTINUE
■CALCULATE THE SURFACE HFAT F L U X , Q L , T H F  RERAD I AT I  ON,OR,  





I F ( K E Y . G T , 1 ) G 0 T 0 2 6 1
QL=QCZ
G n T 0 2 6 2
QL=9C2
0 R = E M Î S * S I G M A * ( T L + 4 5 9 . 6 9 ) * * 4  
QA=0L+QR
TPI  l ) = T l (  1 )


























































2 6 0 3
5 9 7
5 98 1
5 9 8 2  
5 9 8 4  
5 9 8 6  
5 9 9 0
6 0 0
601
IZEN F L O W ) ' / / )  
I I L I B R I U M  F L O W ) » / / )





P R I N T  5 9 7
F O R M A T ! I H l / / / / / / / / )
I F ( K E Y . E 0 . 2 ) G O T 0 5 9 8 2  
P R I N T  5961
F O R M A T ! 3 5 X , • INOEPTH FLOW ANALYSI  S(FROi  
P R I N T  5 9 8 4
F O R M A T ! 3 5 X ,  ' I N O E P T H  FLOW ANALYSI  S(EQUi  
P R I N T  5 9 9 0  
F O R M A T ! 1 2 X . 5 1 H  
1/)
P R I N T 6 0 0 , T 1 ( 1 ) , N C
F O R M A T ! 1 8 X , ' C H A R  BACK TEMPERATURE ! 0 F ) = ' F 7 . 1 , 1 3 X , ' NUMBER OF GAS CO 
1 M P 0 N E N T S = ' 1 3 / )
P R I N T  6 0 1 , 0 T C I I , R H O I I
FORMA T! 1 8 X » ' I N I T I A L  SLOPE ! O F / F T ) = ' F 8 . 1 , 1 2 X , •  I N I T  I AL D ENSI TY  OF COM 
1 P 0 S I T E ! L B S / F T * * 3 ) = ' F 6 . 2 / )
T H I C K = 0 I S T A N * 1 2 .
T H I C K 1 = Z 1 ! 1 ) * 1 2 .
P R I N T  6 0 2 f T H I C K , T H I C K l
F O R M A T ! 1 8 X , ' T H I C K N E S S  OF C H A R ! I N C H E S ) = ' F 8 . 6 , 6 X , ' T H I C K N E S S  OF DFCOM 
1 P 0 S I T Ï 0 N  Z 0 N E = ' F 8 . 6 / )
QCZZ=QCZ- OCZI
P R I N T  6 0 4 , W T 0 T A L , W F L U X ! L S )
F O R M A T ! 1 8 X , ' T O T A L  MASS FLUX ! L B S / F T 2 - S E C )  = ' F 7 . 6 , 6 X ,  29HGAS MASS FLUX 
1 AT THE S U R F A C E = , 1 X , F 7 . 6 / )
P R I N T  6 1 1 , T F M A X , V R
F ORMA T ! I  OX, ' FRONT SURFACE TEMPERATURE! 0F )  = ' F 6 . 1 , 5 X , ' S U R F A C F  RECESS 
I I O N  V E L O C I T Y ! F T / S E C ) = ' F 7 . 5 / )
P R I N T  6 C 3 , Q C Z Z , 0 C Z I
F O R M A T ! 2 5 X , ' R A T E  OF HEAT ABSORBED I N  
l ' F 9 . 3 , / / 2 5 X , ' R A T E  OF HEAT ABSORBED I N  
I T 2 - S E C = ) ' F 9 . 3 / )
H C H A R = Q C Z Z / Q C Z * 1 0 0 .
H O E C O M = Q C Z I / 0 C Z * 1 0 0 .
THE CHAR Z O N E ! B T U / F T * 4 ? - S E C )=  







































































SUM=RFAC1 +CPR1+CP82  
H G A S = C P B l / S U M * I O O .
H S O L I O = C P B 2 / S U M « I O Û .
H R E A C T = R E A C I / S U M * 1 0 G .
P R I N T  6Û5,HCHAR
FOR MA T ! 2 5 X , « P E R C E NT  OF TOTAL HEAT ABSORBED I N  THF CHAR Z 0 N E = * E 1 5 . 7  
l/)
P R I N T  606»HOECOM
F O RM A T ! 2 5X f « P ER C EN T  OF TOTAL HEAT ABSORBED I N  DECOHP- ZONE=«E1 5 , 7 / )  
P R I N T  6 0 7 , H G A S
F O R M A T I 25 X , « P ER C E NT  OF HEAT ABSORBED BY THE GAS IN THE CHAR ZONF=« 
1 E 1 5 . 7 / )
P R I N T  6 0 8 . H S O L I D
F 0 R M A T I 2 5 X , « P E R C E N T  OF HEAT ABSORBED BY THE SOLIDS IN THE CHAR ZON 
1 E = * E 1 5 . 7 / )
P R I N T  6 1 0 , HR E AC T
FOR MA T ! 2 5 X , « P E R C E NT  OF HEAT ABSORBED BY REACTION IN THE CHAR ZONE= 
1 « E 1 5 . 7 / J  
P R I N T 5 8 6  
F O R M A T ! I H I )
P R I N T  OUTPUT PARAMETERS CORRESPONDING TO J S ,  GRI D S I Z E
I KE =1  
M I K E =5  
L I K E = I  
2 6 0 2  P R I N T  597  
2 6 6 2  P R I N T  5 9 8 4
I F ! L I K E  . G T . 1 ) G 0  TO 2 6 5  
P R I N T 2 6 5 0 , D E L T T
2 6 5 0  FORMAT! 35X , 23HTEMPERATURE DROP ! 0 F )  = , 1 X , F 2 0 . 1 / )  
D E L P = ! P ! I ) - P L )
P R I N T 2 6 5 I , 0 E L P

















































P R I N T 2 6 5 2 , Q L  8 1 7
2 6 5 2  FORMA T ( 3 5Xt 3 3 HSU RF ACE HEAT FLUX ( B T U / F T 2 - S E C ) = , 1 X , F 1 0 . 2 / )  6 18
P R I N T 2 6 5 3 , Q R  8 1 9
§  2 6 5 3  FORMAT* 3 5 X , 3 2 H R A D I A N T  HEAT FLUX B T U / F T 2 - S E C > = ,  1X , F 1 1 . 2 / )  8 2 0
P R ! N T 2 6 5 4 , Q A  821
2 6 5 4  FORMAT* 3 5X , 3 5H A ER 0D Y NA MI C  HEAT FLUX * B T U / F T 2 - S E C J = ♦ 1 X , F8 • ? / / )  8 2 2
2 6 5  P R I N T 2 7 2 0 , * Z X * K K » , K K = I K E , M I K E )  823
2 7 2 0  FORMA T * 14 X , 1 5 HCHA R DEPTH * F T ) , 6 X , 5 F 1 3 . 4 )  824
P R I N T 2 7 2 I ♦*  T P * K K 1 , K K = I K E , M I K E ) 8 2 5
2721  FORMAT* 14X,16HTEMPERATURE * O F ) , 5 X , 5 F 1 3 . 1 )  8 2 6
I  P R I N T 2 7 3 0 , * P * K K I , K K = ! K E , M I K E I  8 2 7
2 7 3 0  FORMAT*1AX, 17HPRESSURE ( L B / F T 2 I , 4 X , 5 F 1 3 , I )  8 2 8
P R I N T 2 7 2 3 , * W F L U X * K K ) , K K = I K E , M I K E I  8 2 9
2 7 2 3  F O R M A T * 1 4 X , 2 I H M A S S  F L U X * L B / F T 2 - S E C ) , 5 F 1 3 . 4 / )  8 3 0
P R I N T 2 7 2 4  831
a  2 7 2 4  F O R M A T * 1 4 X , 6 6 H  GAS COMPONENT COMPOSIT I ON * 832
§ IMOLE/MOLE G A S ) / »  8 3 3
I  I F * K E Y . G T . 1 ) G 0 T 0 2 7 2 7  8 3 4
2: 0 0  2 7 2 8  K I CK = 1 , L S  8 3 5
I  D 0 2 7 2 8 L L = 1 , N S  8 3 6
Y C O M P * L L , K I C K » = Y I * L L )  8 3 7
I  2 7 2 8  CONTINUE 8 3 8
0 2 7 2 7  D 0 2 7 2 9 L L = 1 , N S  8 3 9
-  Y C 0 M P * L L , 1 ) = Y I * L L )  8 40
1  P R I N T  2 7 2 5 , L L , S P C I E 1 * L L » , S P C ! E 2 ( L L ) , * Y C 0 M P ( L L , K K ) , K K = I K E , M I K E )  841
i .  2 7 2 5  F 0 R M A T * 1 2 X , I 2 , 2 X , 2 A 3 , 1 1 X , 5 E 1 3 . 4 )  842
w 2 7 2 9  CONTINUE 843
i  I F * M I K E . G E , L S ) G 0  TO 2 8 0 0  8 4 4
L I K E = L I K E + 1  8 4 5
M I K E = M I K E + 5  8 4 6
I K E = I K E + 5  8 4 7  w
GO TO 2 6 0 2  8 4 8  ui
2 8 0 0  P R I N T 5 8 6  8 4 9
































S U Q R O U T I N F  I N Ü P T H (T C , C O Q V t O C D O V ,G A S C P » 0 , C P V , R H O , T V A R , INDP 1
1 D E L T K K , N , D E L Z , V R , W , H ) I N O P 2c I NDP 3c I N O P 4c I N D P 5D I M E N S I O N  D R H 0 0 T ( 5 ) I N D P 6c I N D P 7c - - — I N D P T H  S U B R O U T I N E  C A L C U L A T E S  THE P H Y S I C A L  P R O P E R ­ INOP 8c T I E S  F O R  THF V I R G I N  M A T E R I A L  A N D  P Y R O L Y S I S  G A S E S . I N D P qc I N D P 10c T = T E M P E R A T U R E  IN F A R E N H E I T , I N D P 11I F ( N . G T . I ) G 0 T 0 2 I N D P 12D C 0 0 V = . 3 3 B 9 8 3 F - B I N D P 13R E A D  1 , A , B , C , D , E I N D P 14c A T H R O U G H  E A R E  C O N S T A N T  F O R  T H E  H E A T  C A P A C I T Y  O F  T H E I NOP 15c V I R G I N  M A T E R I A L . I N D P 16
1 F O R M A T ! 5 E 1 2 . 6 ) I NDP 17c C O O V = T H E R M A L  C O N D U C T I V I T Y  OF T H E  V I R G I N  M A T E R I A L I N D P 18c ( B T U / ( F T - S E C - O F ) ) I N D P 19
2 C D 0 V = 1 . 2 6 6 1 0 2 E - 5 + . 3 3 8 9 B 3 E - B * T C I N O P 20P R I N T  1 0 , H , D E L Z I N D P 21
10 F O R M A T ! I X , * I N  I N D P T H  H = ' E 1 5 . 7 , *  D E L Z = * E 1 5 . 7 > I N D P 22c O C D O V = R A T E  O F  C H A N G E  OF C D O V  W I T H  T H E M P E R A T U R E . I N D P 23T = T C I N D P 24I F ! T . G T . 7 5 0 . ) G 0 T 0 3 I N D P 25T 2 = T C * T I N D P 2 6T 3 = T C * T 2 I N O P 27T 4 = T C * T 3 I N D P 28c I N D P 29c C P V = H E A T  C A P A C I T Y  OF T H F  V I R G I N  M A T E R l A L !B T U / L B - O F ) I N D P 30C P V = A + B * T + C * T 2 + D * T 3 + E » T 4 I N D P 31
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SUBROUTINE PHMCR( T , DEL T t OP H N L C , QMICRO, K 6 1 PHMC 1c PHMC 2c PHMC 3
DI MENSI ON A ( 4 ) , B ( 4 ) , C ( 4 ) , D ( 4 ) , E ( 4 ) , A 1 ( 4 ) , B 1 ( 4 ) , C K 4  ) , D l ( 4  ) ,  E K 4 ) PHMC 4c PHMC 5c PHMC 6c — - T H I S  SUBROUTINE COMPUTES THF HEAT OF PYROLYSIS OF PHENOLI C, PHMC 7c PHMC 8c PHMC 9c BASED ON THE DATA OF SYKES AND NELSON(THERMOANALYSIS OF PHMC 10c ABLATI ON MATERIALS) PHMC I I
I F ( K 6 . G T .  D G 0 T O 4 PHMC 12
NUMBER=4 PHMC 13
A R E A = I 3 5 0 . PHMC 14
A R E A l = 1 4 6 4 . PHMC 15c R E A O l , NU M B E R , A R E A , A R E A l PHMC 16
l F O R M A T ( I 6 , 2 E 1 0 . B ) PHMC 17
0 0 2 1 = 1 , NUMBER PHMC 18
R E A D 3 , A ( I  ) , B (  I )  , C ( I ) , D ( I ) , E ( I ) PHMC 19
2 R E A D 3 , A l ( I ) , B I ( I ) , C 1 ( I ) , D 1 ( I ) , E 1 ( I ) PHMC 20
3 FORMATC 5 E I 2 . f i ) PHMC 21
4 I F (  T . L T . 6 2 3 .  ) G 0 T 0 5 PHMC 22
I F ( T . G T . 1 0 7 3 . ) G 0 T 0 5 PHMC 23
1 = 1 PHMC 24
I F ( T . G T  . 7 4 8 . . A N D . T . L T  . 7 9 8 . )  1=2 PHMC 25
I F (  T .GT . 7 9 3 . . A N D . T . L T . 8 9 8 . 1 1 = 3 PHMC 26
I F ( T . G T .  8 9 8 . )  1 = 4 PHMC 27
D T = ( T - 6 2 3 . ) PHMC 28
0 T 2 = 0 T * D T PHMC 29
D T 3 = D T 2 * D T PHMC 30
0 T 4 = 0 T 3 * D T PHMC 31c CALCULATE THE HFAT OF PYROLYSIS OF P H E N O L I C ( QPHNGL) PHMC 32
H=A( I ) + B( I ) * D T + C ( I ) » D T 2  + D ( I ) * D T 3  + F ( I ) * D T 4 PHMC 33
0 P H N L C = H * D E L T * 6 9 . 31 2 /AREA PHMC 34
W00vo
390











o -1 M o
a. o a
X z X
o LU LU c






LU c * LU CSCX X O
t— LO a •V.
a






C o # • CVJa  O z
UJ OC CC fO k- <  a
CO > a O a  cc
CO a. O' # CO ac c / 5
c # • <  o zt / 5 • LL K- k- "V c/5 c







C\J <  
cc aa
(- o < # » + • a <
< LL 3 c >3- k- o  < ec
uJ —1 X c Z z II c O' a 1
X < cc < < * *  X o
u U J o # • <»»a e%
X * • a  a O<r z k- X rr, fO a  <
k- o o O k- X
C J J »— r- f". C7' cc -* C • *t—o 1 / 5 • • • + X a CJ c o
II <— l <r z k- k- H- — II II a II IIrv _l _i o O o o w O (M a Z CJ o  Z
o X a • • • w eo e\l o a. a cc eo
z u a k- h~ a O eo z 3 Z CJ 3• LU -I a 4̂ < a a X a a o
O' % < < II u_ LL IL II X O X a a X a zC Q. o 33 X C3 O' a ec o  O or a
O O O O O U  U(J>


























SUBROUTINE N Y L O N ! T , D E L T , Q N Y L O N ) NYLO I
r NYLO 2
c NYLO 3
c — —  T H I S  SUBROUTINE COMPUTES THF. HEAT OF PYROLYSIS OF NYLON NYLO 4
c BASED ON THE DATA OF SYKES AND NELSON( THERMOANALY S I S  OF NYLO 5
c ABLATION MATERI ALS) NYLO 6
r NYLO 7
c SLOPF=SLOPE OF L I N E  OBTAIN FROM SYKES AND NELSON' S DATA. NYLO B
QNYLON=C. NYLO 9
S L O P E = 0 . 6 0 8 6 9 5 7 NYLO 10
c NYLO 11
A R F A = l l ? 2 . NYLO 12
c AREA=AREA u n d e r  CURVE OF F I G U R E - 2 ( D I F F E R E N T I A L  THERMAL NYLO 13
c AN A L Y S I S )  BY SYKES AND NELSON NYLO 14
C 0 N S T = 1 5 C . 5 7 3 R/ A P E A NYLO 15
I F ( T . L T . 6 4 7 . ) G 0 T 0 4 NYLO 16
I F ( T  .GT . 6 9 9 . ) G 0 T 0 2 NYLO 17
I F ( T  .GE . 6  8 9 . . A N D . T . L E . 6 9 9 . ) GOTOI NYLO 18
H^SLOPE « (  T - 6 4 7 .  ) NYLO 19
GO TO 3 NYLO 20
1 H = 2 4 . 4 NYLO 21
GO TO 3 NYLO 22
2 DH= S L G P E « ( T - 6 9 3 . ) NYLO 23
H = 2 8 .  0 - DH NYLO 24
I F ( T . G F . 7 3 9 . ) H = 0 . NYLO 25
3 DNYLON=OELT*H*CONST NYLO 26





















SUBROUTINE OMEGA ( VAR, X , F , I MAX, SOM) ÜMEG Ic OMEG 2c OMFG 3c OMEG 4c - - - - T H I S  PROGRAM PERFORMS LAGRANGIAN INTERPOLATI ON OMEG 5c WITH NON-EQUAL STFP S I Z E  BETWEEN POINTS OMEG 6c F^OEPENOANT VARIABLE OMEG 7c X=INDEPENOENT VARIABLE OMEG 8c VAR-VALUE OF X FUR WHICH CORRESPONDING VALUE OF OMEG 9c F I S  DESIRED BY INTERPOLATI ON OMFG 10c IMAX=NUMBER OF POI N TS  I N  ARRAY X OR E OMEG 11c SOM=VALUE OF INTERPOLATED DEPENDENT VARIABLE OMEG 12c NPTS = NIJMBER OF POINTS USED FOR INTERPOLATI ON OMEG 13c OMEG 14
DI MENSI ON X( I ) , F (  I ) , X N ( 3 5 0 ) , F N ( 3 5 0  I OMEG 15
C OMM ON / K K/ IP OMEG 16
NPTS=3 OMEG 17
6 0 7 X U P = I , E  30 OMFG 18
0 0 6 1 1 1  = 1 ,1  MAX OMEG 19
T = v A R - X { I  » OMEG 20
I F (  T . G E . 0 . ) G 0 T 0 6 C 9 OMEG 21
6 08 T = - T OMFG 22
6C9 I E (  T .GE . X U P ) G 0 T 0 6 1 1 OMEG 23
6 1 0 IP = I OMFG 24
XUP=T OMFG 25
611 CONTINUE OMEG 26IN = 1 OMEG 27
N1PP = NPTS+1 OMEG 28
0 0 6 1 3 1 = 1 ,NPP OMEG 29
FNI n = F (  I P ) OMEG 30
X \ ( I )  = X ( I P ) OMEG 31
1F( I N . G T . 3 ) G U T 0 6 1 3 OMEG 32
61? 1 0 = I P - I OMEG 33
GO TO 61 5 OMFG 34
wV Oh;
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SUBROUTINn ON S I T Y ( R H n , T , O E L Z , V R , K 6 , DPHODT, W, H ) ON SI 1c DNS I 2c ON SI 3c — -------T H I S  SUBROUTINE CALCULATES THE DENSI TY  OF PHENOLI C-NYLON DNSI 4c COMPOSITES AS A FUNCTION OF TEMPERATURE— RASED ON DATA DNSI 5c OF SYKES AND NELSON( THERMOANALYS I S  OF ABLATION MAT ERI AL S) DNSI 6c DNSI 7c DNSI 8
COMMON/KL/WTOTALt R H O I I DNSI 9
DI MENSI ON R H Q I ( 5 ) , R H 0 T ( 5 ) , R H O C ( 5 ) , A ( 7 ) , E ( 7 ) , RATER( 7 1 , DNSI 10
lORHQDTC 5 ) , X N ( 5 , 7 )  , F R A C ( 5 ) , R H 0 V 0 L ( 5 ) DNSI 11
D I ME N S I ON  MASFRC(S)  , MAS FL X ( 5 ) , VOLUME( 5 )  , VOLFRC( 5 ) , D E L F L X ( 5  ) DNSI 12
DI MENSI ON RHOCCC6 ) , D R H 0 ( 5 ) DNSI 13
INTEGER COMPST DNSI 14
REAL MASFRC,MASFLX DNSI 15
I F ( K 6 . G T .  D G 0 T 0 7 DNSI 16c DNSI 17c DNSI 18c — ------- READ INPUT DNSI 19c DNSI 20c DNSI 21
READ 1 , COMPST,NREACT DNSI 22





















c DNS I 35
D Ü 2 J = 1 , NREACT DNSI 36
0 0 2 1 =  I ,COMPST DNSI 37
? X N ( I , J ) = 0 . DNSI 38c DNSI 39
c A ( J )  = FREQUENCY F ACTOR( S E C - 1 ) DNSI 40c F ( J ) = E N E R G Y  OF A C T I V A T I O N * J O U L E / ( M O L E ) ) DNSI 41c DNSI 42c DNSI 43
R = 8 . 3 1 4 DNSI 44c R = 8 . 3 1 4 ( J O U L E  S / ( MOLE- OK») DNSI 45c DNSI 46
c DNS I 47c R H O I ( 1)  = 6 8 . 6 ( N Y L O N ) DNSI 48c R H O l ( 2 ) = 8 0 . 0 ( P H E N O L I C  R E S I N ) DNSI 49c R H O I ( 3 ) = I 7 . 8 ( PHENOLI C-MI CRÜBALLOONS) DNSI 50
c R H O C I 1 ) = 6 8 . 6 * 0 . 0 7 5 = 5 . 1 4 5 DNSI 51c RHÜCI 2 ) = a 0 . 0 * 0 . 5 4 1 = 4 3 , 2  8 DNSI 52c RHOC( 3 ) = 1 7 . 8 * 5 4 2 = 9 . 6 4 7 6 DNSI 53
c DNSI 54c DNSI 55c MASFRCI  1 ) = 0 . 4 DNSI 56c M A S F R C I 2 ) = 0 . 2 5 DNSI 57c MASFRCI  3 ) = 0 . 3 5 DNSI 58c DNSI 59c DNSI 60
r. DNSI 61c — ------- I N I T I A L I Z E DNSI 62c DNSI 63c DNSI 64c DNS I 65c X N ( I , J ) = O R U E P  OF THE K I N E T I C  EXPRESSION. DNSI 66c DNSI 67
























3 REAU DNSI 69
4 P n R M A T ( 4 X , I 6 , 3 E 1 0 . 8 ) DNSI 70
READ 5 , ( R H O I f I ) » RHOC( I ) »MASFRC( I )  ,1 = 1 ,CCMPST) DNSI 71
5 F O R M A T ! 3 E 1 0 . 4 ) DNSI 72
c DNSI 73
r. DNSI 74
c R H Q [ ( n = Ï N r r i A L  O F N S I T Y  OF COMPOSITE I DNSI 75
c RHQC( l ) = R E S I D U A L  DE N S I TY  OF COMPOSITE I DNSI 76
c R H O T I I ) = D E N S I  TV OF THE COMPOSITE I AT ANY TEMPERATURE DNSI 77
c DNSI 78
c DN S I 79
c DNSI 80
c - - L E T  R H U T I I )  = RHÜI  ( I )  AS I N I T I A L  C O ND I T I O N DNSI 81
r DNS I 02
c DNSI 83
DO 6 1 = 1 , COMPST DNSI 84
RH O C C I I  ) = R H Ü C ( I  » + y . 0 0 1 * R H 0 C ( I  » DNSI 85
MA SFLXI  I ) = 3 . DNSI 86
6 R H O T I I ) = R H O I ( î ) DNSI 87
SÜMVOL=0. DNSI 88
no 63 1 = 1 , COMPST DNSI 89
V O L U M E ! I ) = M A S F R C ( I ) / R H O T I I ) DNSI 90
6T SUMVOL-SUMVüL + VOLUME! I ) DNSI 91
00  65  1 = 1 , COMPST DNSI 92
65 V O L F R C I I  ) = V n L U M E ! I ) /SUMVÜL DNSI 93
RHO=1 . /SUMVPL DNSI 94
RHO!T=RHü DNSI 95
WT n T A L = RH ü l I «V R DNSI 96
P R I N T  66  , R H O , WTOTAL DNSI 97
66 FORMA T ! 1 X, • I N I T I A L  DENSI TY OF C O MP O S I T E ! L n S / F T « * 3 )  = ' F 1 0 . 5 , ?X, DNS! 98
1 ' W T O T A L I I R S / F T « « ? - S E C ) = ' F 1 5 . 7 / ) DNSI 99
7 RRR=10 ) 0 ,  / ! R « T ) DNSI 100
RHOPRV=RHO DNSI 101





















DO 8 J = 1 , N R F A C T DNSI 1 04
I F ( X N (  I ♦ J )  . E Q . O . ) G 0 T 0 8 DNSI 1 05
c DNSI 1 06
c R A T E R ( J ) = S P t C I F I C  REACTION VELOCITY DNSI 1 0 7
I F ( R H Q T ( I ) . L E . R H O C ( 1 ) ) RHCT( I ) = R H O C C ( I ) DNSI 108
R A T E R ! J ) - - R H Ü I ( I ) ♦ ( ( R H O T ( I ) - R H O C ( I ) >/ R H O I ( I ) ) * * X N ( I , J ) * A ( J ) * E X P ( - DNSI 109
l E ( J ) * R R R I DNSI 110
SUM=SUM+RATFR(J) DNSI 111
8 CONTINUE DNSI 112
D R H OD T ! I ) = S UM DNSI 113
I F !  RHOT! I ) . L F . R H Ü C C !  I ) K ) R H O D T ( I  ) = 0 . DNSI 114
9 CONTINUE DNSI 115
P R I N T  9 . ) 0 f H , D E L Z DNSI 1 16
9 0 0 F O R M A T ! I X , *  I N  D E N S I TY  H = « E 1 5 . 7 , '  D E L Z = ' E 1 5 . 7 ) DNSI 1 17
C DNSI 1 18
C--------- -CONTROLLING STEP SI ZE FOR S T A B I L I T Y DNSI 1 19
c DNSI 120
TE ST = 0 . DNSI 121
DO 9 0 1 = 1 , COMPST DNSI 122
D R H O ! I l = - O E L Z * D R H O D T ! I ) / VR DNSI 123
90 T E S T = A M A X 1 ! T F S T , D R H O ! I ) ) DNSI 124
I F ! T F S T . G T . C . 5 ) H = H / 2 . DNSI 1 2 5
I F ! T E S T . L T , , 1 ) H = H * 2 . DNSI 126
I F I H . G T . ? ,  . U B F - A I H = 2 , C 8 E - 4 DNSI 1 27
C DELZ=STFP S I ZE  I N  FEET DNSI 1 28
DFLZ=H DNSI 1 2 9
RHO=0 . DNSI 130
W = 0 . DNS I 1 31
D 0 1 0 I = l , C O M P S T DNSI 132
DFLFLX!  I ) = - D E L Z * D R H O D T ! I  ) DNSI 133
C DNSI 134
C DELFLX!  n=CHANI Gt  IN MASS FLUX DUE TO A CHANGE IN THF DNSI 135
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S U B R O U T I N E  C HARPP CHAR 1
c CHARPR S U B R O U T I N E  C A L C U L A T E S  THE E F F E C T I V E  T HERMAL CHAR 2
c C O N D U C T I V I T Y  AND HEAT C A P A C I T Y  OF T HE  C H A R , CHAR 3
c CHAR 4
c CHAR 5
C O M M O N / K F / C P S , C D O , D C D O t J C H A f t , T C CHAR 6
c T = TEMPE RATURE I N  R A N K I N E CHAR 7
c T C = T E M P E R A T U R E  I N  F A R E N H E I T CHAR 8
c C P S = H E A T  C A P A C I T Y  OF C H A R ( B T U / L B - O F » CHAR 9
c C D O = E F F E C T I V E  T H ER MA L  C O N D U C T I V I T Y * B T U / F T - S E C - O F ) CHAR i n
c D C D O = R A T E  OF CHANGE OF COO W I T H  T E M P E R A T U R E CHAR 11
T C 2 = T C * T C CHAR 12
T C 3 = T C 2 * T C CHAR 13
T F I T C  , G T .  2 5 0 0 .  ) G O T O 5 0 7 CHAR 14
T = T C + 4 5 9 . 7 CHAR 15
C P S = n . 4 3 + 3 . 6 E - 5 * T - 8 7 . 2 E 3 / ( T * T ) CHAR 16
I F I T C , L  T .  1 0 0 0 . » CP 5 = 0 . 3 9 CHAR 17
5 0 7  C P S = 0 . 5 2 CHAR 18
C D 0 = I 1 . 5 7 E - 5 + 5 . 3 E - 1 5 * T C 3 CHAR 19
D C D 0 = 1 5 . 9 E - 1 5 * T C 2 CHAR 2 0





























SUBROUTINE CPMI X ( T ♦ N N , CP M X ) CPM I 1c CPMI 2c CPMI 3c — -■— T H I S  SUBROUTINE COMPUTES THF MOLAL HEAT CAPACITY CPMI 4c OF A NON-REACTI NG GAS,  I T  I S  ONLY USE FOR THE CPMI 5c FROZEN FLOW CASE. CPMI 6c CPM I 7c CPMI 8
COMMON/KB/ AI  ( 30 > , B I  ( 3 0 ) ,  C I (  .30 ) ,  0 I ( 30 } ,  E I I  30 ) ,  F I ( 30 ) , CPMI 9
I G K  3 0 ) , A I I ( 3 0 ) , B I I  I 3 0 ) , C I I ( 3 0 ) , D I I ( 3 0 ) , E I I ( 3 0 )  , CPMI 10
2 F I I I 3 0 ) , G I I ( 3 0 ) , T L O W ( 3 0 ) CPMI 11
COMMON/KM/ XMOLI 3 0 ) CPMI 12
D I MENSI ON C P I 3 0 ) CPMI 13
R R = I . 9 8 7 2 6 CPMI 14c CPMI 15c CPMX=HEAT C A P C I T Y ( B T U / L B - M C L E - O F ) CPMI 16c CPMI 17c CPMI 18c CPMI 19c — ■— CALCULATE THE HEAT CAPACITY OF EACH I N D I V I D U A L  S P E C I E . CPMI 20c CPMI 21c CPMI 22
CPMX=0 . CPMI 23
DO 3 1 = 1 , NN CPMI 24
I F ( T  .GT . T L O W I I ) )GGTOI CPMI 25
C P ( I ) = ( A I I ( I ) + ( ( ( E I I ( I ) * T + D I I ( I ) ) * T + C I I ( I ) ) * T + n i I ( I ) ) * T ) * R R CPM I 26
GO TO 2 CPMI 27
l C P ( I  ) = ( A I (  I ) + { ( ( E l  ( I ) * T  + D I ( I ) ) * T + C I ( I ) ) * T + B I ( I ) ) * T ) * P R CPMI 28
2 C P M X = C P M X + C P ( I ) * X M O L ( I ) CPMI 29
3 CONTINUE CPMI 30


























c— ---THIS SUBPROGRAM COMPUTES COMPLEX CHEMICAL EQUILIBRIUM CHEM 5
c FOR A MULTICOMPONENT,POLYPHASE SYSTEM BY FREE ENERGY CHEM 6
c MINIMIZATION.(J .CHEM.PHYS.VOL.2fi.NO.5,75I-58,MAY 1958). CHEM 7c CHEM 8c CHEM 9
COMMO N / K A / S K  6) , S2 ( 6) , S3 ( 6 ) , SA ( 6 ) , S 5 < 6 ) ,S6 ( 6 ) , A 11 ( 6 ) , CHEM 10
IA22I6),A33(6),A4A(6),A5 516),A66I6),AA(30,6),JC0DE(6) CHEM 11
COMMON/KB/A I< 3C) ,B I (30),C I (30),0 I(30),EI(30),F I(30), CHEM 12
I G K  30),AIn  3 0 ) ,RI1(30),CII(30),01 1(30),EI1(30), CHFM 13
2FI I(30),GII ( 30),TLOWI30) CHEM 14
COMMON/KC/ICOOF(30),Y(30),XMW(30) CHFM 15
COMMON/KCC/SPCIEI (30),SPCIF2(30),TABLE(353,25) CHEM 16
COMMON/KGG/FORT(3 0 ) ,CP(30) CHEM 17
COMMON/KEF/PL , R R ,TZERO,FPS,KEY,NN,NQ,MM CHEM 18
COMMON/KI/WEPS,KPT3,KOUNT CHEM 19
COMMON/KJ/OFLTK,TVAR CHEM 20
CüMM0N/KG/FNT(3C),S(3 0),ENTl(3C ),T CHEM 21
COMMON/KNN/TFMAX CHEM 22
DIMENSION PE R C (30),PERCI(3 0),XM0L(3O),XM0L1(30) CHEM 23
DIMENSION X ( 30) ,F Y (30),C (30 ) , B O (8 ) ,FSUM(30) ,YSUM< 30), CHEM 24
IXMASSI 33)  ,XLAM(3 0 )  ,FLUX( 350 ,25) , CHEM 25
2DFLUX( 3 53,25) ,R(6,6)«B(6,I),PI(6),DELT(3C) CHEM 26
c CHEM 27
c CHEM 28
c PL=PRESSURE I N  LBS/FT2 CHEM 29
c RR=l.9871CAL/GM-MOLE-OK) CHEM 30
c T Z F 9 0 = 2 9 8 . 1 6  OK CHEM 31
c EPS=PL1RnSITY OF THE MATRIX CHFM 32
c KEY=2 PGR E Q U I L I B R I U M  FLOW CHEM 33





















c NQ=NUMBEK OF SOLID+GAS COMPflNFNTS CHEM 35
c T A B L E ( I f J ) STORES THE VALUES OF THE TEMPERATURE( J = 1 ) I N CHEM 36
c OK, THE HEAT ABSORBED OR RELEASED BY CHEMICAL REACTIONS CHFM 37
c ( J = 2 ) ( B T U / F T * * 3 - 5 E C ) , T H E  AVERAGE MOLECULAR WEIGHT OF THE CHEM 38
c MI XTURE!  J = 3 I  , THE MASS FLOW RATE OF THE GASES ( L BS / FT2 - - SFC ) , CHEM 39
c AND THE AVERAGE HEAT CAPACITY OF THE MI XTURE. CHEM 40
c FROM J = 5  ON,THE VALUES OF MOLES. Y ( I  I , OF EACH I N D I V I D U A L CHEM 41




XT=TVAR CHEM 4 6
C R I T = 0 . 0001 CHEM 47
T M A X = ( T F M A X + A S 9 . 6 9 ) / I . 8 CHEM 48
T I N C = ( T M A X - X T 1 / 3 4 6 . CHEM 49
I F ( T I N C . L T . 7 . 5 ) T I N C = 7 . 5 CHEM 50
T I N C = 2 0 0 . CHEM 51
T M A X = T M A X + 4 . * T I N C CHEM 52
READ 7 ,  I PR I NT CHEM 53
7 FORMAT! I 1) CHEM 54
NS=NQ CHEM 55
NC = NN CHEM 56
C CHEM 57
c X T = I N I T I A L  TEMPE RATURE(OK) CHEM 58
c TMAX^FINAL TEMPERATURE(OKI CHEM 59
r. T I NC=INCREMENT OF TEMPERATURE CHEM 60
c CR IT=CR ITER I A FOR CONVERGENCE CHEM 61
c K E Y = 2 ! E Q U I L I B K I U M ) CHEM 62
c CHEM 63
MA = 1 CHEM 64
M=MA CHFM 65
c CHFM 66
c ----- - - CA L C U L AT E  THF S I Z F  OF THE MATRIX P. CHFM 67
c CHFM 68
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c TU Ot  M I N I M I Z E CHEM 137c CHEM 138
F Y ( I ) = Y ( I ) ♦ ( C ( I ) + A L O G ( F A C ) ) CHEM 139
10 CONTINUE CHEM 140
I F (  KCODE . E Q . O G O T O l  11 CHEM 141c CHEM 142c CHEM 143c - - - - I F  THERE ARE NO SOLIDS PROCEED TO STATEMENT 111 CHEM 144c CHEM 145c CHEM 146c --- -CALCULATION OF THE FREE ENERGY PARAMFNTER FOR SOLIDS CHEM 147c CHEM 148
DO 11 I = L L , N Q CHEM 149
F Y ( I ) = Y ( I ) *FURT ( I ) CHEM 150
11 CONTINUE CHEM 151c CHEM 152c - -- -FROM STATEMENT 111 TO 1 0 5 0  OPERATIONS ARE PERFORMED TO CONSTRUCT CHEM 153c THE R MATRIX AND THE B VECTOR CHEM 154c CHEM 155c CHEM 156
111 D 0 3 0 J = 1 , M M CHEM 157
0 0 3 0 K = 1 , M M CHEM 158
SUM=C. CHEM 159
D 0 2 0 1 = 1 , NM CHEM 160
20 S UM = SU M + A A ( I , J) * A A ( I , K ) * Y ( I ) CHEM 161
R ( J , K ) = S U M CHEM 162
34 CONTINUE CHEM 163
GSUM1=0. CHEM 164
DO 1022  1 = 1 , NQ CHEM 165
GSUMl =GSUMl +F Y( I ) CHEM 166
1022 CONTINUE CHEM 167
3 00 0 JJ=MM+1 CHEM 168
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c -MATRIX I NVERSI ON I S  CALLFl)  TU SOLVE THE SET OF SIMULTANEOUS CHEM 2 05
c L I N E A R I Z E D  EQUATI ONS, CHEM 2 0 6
c CHEM 2 0 7
c CHEM 2 0 8
CALL M A T I N V I R , N A , B , M A ) CHEM 2 0 9
c CHEM 2 1 0
c CHEM 211
c -FROM THE SOLUTION OF THE MATRIX THE VALUES OF THE LAGRANGIAN CHEM 2 1 2
c M U L T I P L I E R S  AND THE MOLES OF THE SOL I D  SPECI ES ARE OBTAINED CHEM 2 1 3
c CHEM 2 1 4
c CHEM 2 1 5
D O 1 0 n i = l , J J CHEM 2 1 6
100 P I (  I  ) = B( I  ,M) CHEM 2 1 7
U = P I ( J J ) CHEM 2 1 0
XBAR=U#YBAR CHEM 2 1 9
I F ( K C O D F . E O . O ) G O T 0 5 9 CHEM 2 20
KK=MM+2 CHEM 221
LW = LL CHEM 2 2 2
DO 1 3 0 2  J=KK, KL CHEM 223
X ( L W I = B ( J , M ) CHEM 2 2 4
1 0 0 2 LW=LW+1 CHEM 225
59 D 0 6 ) I = 1 , N N CHEM 2 26
60 FSUM( I ) = - F Y ( I > + { Y ( I ) / Y 8 A R ) ♦ X B A R CHEM 2 2 7
D O I I O I = l f N N CHEM 2 28
PSUM=0, CHFM 2 29
D 0 1 2 0 J = 1 , M M CHEM 2 30
120 PSU M= PSU M+ PI ( J ) * A A ( I , J ) CHEM 231
Y S U M I I ) = P S U M * Y ( I ) CHEM 2 3 2
c CHFM 2 3 3
c -CALCULATE THE MOLES OF GASEOUS SPECI ES CHEM 2 34
c CHFM 2 35
110 X( I )=FSUM(  I ) + Y S U M ( I ) CHEM 2 3 6
c CHFM 237
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3 4 0 P E R C ( I ) = X M O L ( I ) * I C O . CHEM 3 0 7
GSUM2=3. CHEM 3 0 8
0 0 3 4 2 1 = 1 , NQ CHEM 3 0 9
I F (  ICnOE(  I ) . F Q . 1 ) G 0 T 0 3 4 1 CHEM 3 1 0
F A C = X M O L ( I ) CHEM 3 1 1
I F ( F A C . L T . l . E - 7 3 » F A C = l . E - 7 3 CHEM 3 1 2
F Y ( I ) = Y ( I ) * ( C ( I ) + A L O G ( F A C ) ) CHEM 3 1 3
G S U M 2 = G S U M 2 + F Y ( I ) CHEM 3 1 4
G 0 T 0 3 4 2 CHEM 315
341 FY(  I ) = Y( I ) * F O R T ( I  ) CHEM 3 1 6
G S U M 2 = G S U M 2 + F Y ( I ) CHEM 3 1 7
342 CONTINUE CHEM 3 1 8
3 5 0 8 E T A = 0 . CHEM 3 1 9
0 0 8 5 1 = 1 , NQ CHEM 3 2 0
C CHEM 321
C----------CHECK I F  THE MINIMUM HAS BEEN REACHED CHEM 3 2 2
C CHEM 3 2 3
85 B E T A = B E T A + A R S ( D E L T ( 1 ) ) CHEM 3 2 4
R E S T A = 1 .o n n o o o o - u CHEM 3 2 5
I F I A B S I R E S T A ) , L T . X B E T A ) GOTOBOO CHEM 3 26
I F ( N T . G E . M A X N T I G O T O ô O O CHFM 3 2 7
NT=NT+1 CHFM 3 28
GOT0300 CHEM 3 29
6 0 0 XB E T A = X BE TA + 0 . 0 0 1 CHEM 3 3 0
MAXNT=MAXNT+10 CHEM 331
NT=NT+1 CHFM 3 3 2
GOTO3 00 CHEM 3 33
Q * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * CHEM 3 34
Q * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * CHFM 3 3 5
-CONVERGENCE HAS BEEN ACHIEVED * CHEM 3 3 6
( - * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  * * * * * * * * CHEM 33 7
f * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * CHEM 3 3 8
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c CHEM 4 4 3
I F ( 1 P R I N T  , F 0 .  C) GO TO l f l 0 4 CHFM 4 4 4
P R I N T 2 0 4 CHEM 4 4 5
2 04 FORMAT( / / 6 X , • T ' , 2 1 X , • Y ( I ) ' , 9 X , • MOLE F R A C T I O N * , 5 X , CHEM 4 4 6
1 'MASS F R A C T I O N * ) CHEM 4 4 7
l f l 0 4 0 0 1 7 1 2 1 = 1 , N 0 CHEM 4 4 8
F L U X ( K P T , I ) = W * X M A S S ( I ) CHEM 4 4 9
I F I I P R I N T  . FQ.  0 )  GO TO 1712 CHEM 4 5 0
P RI NT  1 9 , 1 , SPCl E l ( n  , S P C I E 2 ( n  , Y ( I  ) , XMOL( I I , XMASS( I I , F I U X ( K P T , I ) CHEM 4 5 1
1712 CONTINUE CHEM 4 5 2
19 FORMAT! 1 X , I 6 , 3 X , 2 A 3 , 2 X , 4 E 1 8 . 7 I CHEM 4 5 3
0 0 1 7 1 3 1 = 6 , K 0 S CHEM 4 5 4
I 1 = 1 - 5 CHEM 4 5 5
C CHEM 4 5 6
C THE UNI TS OF F L U X ! K P T , I )  ARF L B S / F T 2 - S F C . CHEM 4 5 7
C CHEM 4 5 8
1713 T A B L E ( K P T , I ) = X M 0 L ( I I I CHEM 4 5 9
I F ( T . G E . T M A X ) G 0 T 0 3 3 3 CHEM 4 6 0
T = T + T I N C CHEM 4 6 1
GOT0500 CHEM 4 6 2
C CHEM 4 6 3
C--------- - THE MOLE FRACTIONS AT EVERY TEMPERATURE UP TO TMAX CHEM 4 6 4
C HAVE BEEN STOREO.  THESE STORED VALUES WILL NOW BE CHEM 4 6 5
C USED TO COMPUTE THE D E R I V A T I V E  OF F L UX .  THAT I S ,  THE CHEM 4 6 6
C RATE OF CHANGE OF THE MASS FLOW RATE WITH TEMPERATURE. CHEM 4 6 7c T H I S  RATE OF CHANGE WILL BE STORED I N  V AR I AB L E  D F L U X ( J , I I . CHEM 4 6 8c THE UNI TS OF O F L U X ( J , I )  ARE,  L B S / F T 2 - S E C  OK CHEM 4 6 9c CHEM 4 7 0
333 K P T 3 = K P T - 3 CHEM 4 71
T I N C 6 0 = 1 . / ( 6 0 . * T I N C I CHEM 4 7 2
KOUNT=? CHEM 4 7 3
D 0 1 7 1 7 J = 1 , K P T 3 CHEM 4 7 4
0 0 1 7 1 6 1 = 1 , NO CHFM 4 7 5
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SURROUTINF M A T I N V ( A , N , R , Y ) MATI Ic MATI 2c MATI 3c MATI 4c MATI 5c MATRIX I NVERSI ON WITH ACCOMPANYING SOLUTION OF L I NEAR EQUATIONS MATI 6c MATI 7c MATI 8
DI MENSI ON A ( 6 » 6 )  » R ( 6 , 1 ) , I P I V 0 T I 6 ) , I N D E X ( 6 , 2 ) MATI 9
EQUIVALENCE ( I R O W t J R O W ) ,  { I C Q L U M , J C O L U M I , ( AMAX, T , SWAP) MAT! 10c MAT I 11c I N I T I A L I Z A T I O N MATI 12c MATI 13
5 I SCALE=0 MATI 14
6 R 1 = 1 0 . 0 * * 1 8 MATI 15
7 R 2 = 1 . 0 / R 1 MAT I 16
10 DE T E R M = 1 . 0 MAT I 17
15 DC) 20 J = 1 ,N MATI 18
20 I P I V O T I J ) = ^ MAT I 19
30 DO 5 5 0  1 = 1 , N MATI 20c MATI 21c SEARCH EOR P I VO T  ELEMENT MATI 22c MATI 23
40 A M A X = 0 . 0 MATI 24
45 DO 105  J = 1 , N MATI 25
50 I F ( I P I V O T I J ) - l 1 6 0 , 1 0 5 , 6 0 MAT I 26
60 DO 100  K = 1 , N MATI 27
70 IF ( I P I V n T ( K ) - l 1 8 0 , I C O , 740 MAT I 2880 I F  ( A R S I A M A X ) - A R S ( A ( J , K ) 1 ) 8 5 , 1 0 0 , IOC MAT I 29
85 IROW=J MATI 30
90 ICOLUM=K MATI 31
95 A M A X = A ( J , K ) MATI 32
100 CONTINUE MATI 33

























IF ( A M A X ) 1 1 0 , 1 0 6 , 1 1 0 MAT I 35
106 Oe TERM=0.  ' MATI 36
I SCALE=0 MATI 37
GO TO 740 MATI 38
I I O I P I V O T (  ICOLUM) = I P I  v o i d COLUM)+1 MAT I 39
C MAT I 40c INTERCHANGE ROWS TO PUT P I VOT ELEMENT ON DIAGONAL MAT I 41c MAT I 42
130 I F  ( I R O W - I C O L U M ) 1 4 0 , 2 6 0 , 1 4 0 MAT I 43
140 DETERM=-DETERM MATI 4 4
150 0 0  2 0 0  L = 1 , N MATI 45
1 60 SWAP=A( I ROW,L) MATI 4 6
170 A ( I R O W , L ) = A ( I  C O L O R, L) MATI 472 00 A ( I C O L U M , L ) = S W A P MATI 48
2 0 5 I F ( M ) 2 6 C , 2 6 0 , 2 1 0 MATI 49210 0 0  2 5 0  L = 1 , M MAT I 50220 SWAP=B( I ROW, L ) MATI 51
2 3 0 B ( I R O W , L ) = B ( I C Ü L U M , L ) MATI 52
2 50 B ( I C O L U M , L ) = S W A P MATI 53
2 60 I NDEX!  I , l )  = IRÜW MATI 54
2 7 0 I N D E X ! I , 2 ) = I C Ü L U M MATI 55
310 P I V O T = A ! I C G L U M , I C O L U M ) MATI 56
C MAT I 57
C SCALE THE DETERMINANT MATI 58
C MATI 59
1 000 P I V O I I = P I V O T MAT I 60
ICO 5 IF ( ABS! DETERM )-P. 1 ) 1 0 3 0 , 1 0 1 0 ,  1 0 1 0 MATI 61
1C 10 DETFRM=DETERM/R1 MATI 62
I S C A L E = I SC A L E + 1 MATI 63
I F ! A B S ! D E T E R M ) - R I ) 1 0 6 0 , 1 0 2 0 , 1 0 2  0 MATI 64
1 02 0 q e t e r m = d e t ë r m / r i MATI 65
I S C A L E = I S C A L F + 1 MATI 66
GO Tn 1 ) 6 0 MATI 67
1130 I F ! A B S ! D E T E R M ) - R 2 ) 1 C4 0 , 1 0 4 C , l 0 6 C MAT I 68
roo
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AA(I,J); Formula number. Gives the gram atoms of 
element J in species I.
AI...GI: These are the seven empirical constants for
the high temperature fit (1000°K-6000°K) for the free energy 
functions. The first five constants (AX through El) are
used in the heat capacity fit.
All...GII; These are the seven empirical constants for 
the low temperature fit (300®K-1000°K) for the free energy 
function.
All...A66: These are the six empirical constants for
the enthalpy fit of the constituent elements (300°K-1000°K).
ALPHA; Viscous coefficient in Darcy's equation {FT“^).
AVGFW; Average molecular weight of the gas mixture.
BETA; Inertial coefficient in Darcy's equation (l/FT^),
CDO: Thermal conductivity of the char (3Tü/FT-sec-®F).
CDOV: Thermal conductivity of the virgin material,
(BTUft/sec-op).
CPBl: Total rate of heat absorbed by the gases in the
char zone (BTU/ft^-sec).
CPB2: Total rate of heat absorbed by the solids in the
char zone (BTU/ft^-sec).
CPS ; Heat capacity of the char (BTU/lb-OP).
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CPV: Heat capacity of the virgin material (BTU/lb-°F).
DCDO: Rate of change of the thermal conductivity of the
char with temperature (BïU/ft-sec-®F^).
DCDOV: Rate of change of the thermal conductivity of
the virgin material with temperature (BTU/ft-sec-°F^).
DELTF; Differential change in temperature in °F for 
an increment of distance H.
DELTK; Differential change in temperature in °K for an 
increment of distance H.
DELTP; Pressure drop across the char (lbs/ft^).
DELZ: Increment of distance (in feet).
DISTAN; Char thickness in feet.
DT; Temperature gradient (®F/ft).
PTC; Temperature gradient in the char (°F/ft).
DTCC; Temperature gradient in double precision arith­
metic in the char (°F/ft).
DTCI: Temperature gradient in the virgin material
(Op/ft) .
EK: Potential parameter /Boltzman constant.
EMI3 ; Char emissivity.
EPS : Porosity of the char (ft^voids/ft^ total).
FW(I); Molecular weight of species I.
3A5CP: Is the heat capacity of the gas mixture in
(BTU/lb-OF).
GROUP ; This is the bracketted terra of Equation (3-56) 
(1/ft).
II: Runge-Kutta step size (in feet) .
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Hll; Runge-Kutta step size in double precision arith­
metic (in feet).
HCHAR; Percent of total heat absorbed in the char zone.
HDECOM; Percent of total heat absorbed in the decompo­
sition zone.
EGAS ; Percent of heat absorbed by the gas in the char
zone.
HI; Initial value of Runge-Kutta step (in feet).
HREACT; Percent of heat absorbed by the reactions in 
the char zone.
HSOLID; Percent of heat absorbed in the solids in the 
char zone.
ICODE(I); Is a code to identify whether a species is a 
gas, or a solid. If ICODE is zero, the species is a gas. If 
ICODE is one, the species is a solid.
IMAX; Number of data points for EK.
ITEMP : Total number of temperature points stored in
temperature profile.
JCODE(J); Is a code used to determine whether the 
reference state of the constituent element J is in the gas or 
in the solid state.
JS: Total number of slices in which the char is divided
for the solution of the momentum equation.
Kl: Is a counter for the number of temperature points
stored during the solution of the energy equation.
MM; Is the number of elements.
NC: Number of gas species read in.
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4 2 6
NDATA; Number of collision integral points tabulated 
versus XTKE.
NN: Number of gas species in the system.
NN5; Is the total number of variables stored in Table 
(I,J).
NNS; Is the number of solid species in the system.
NQ; Is the total number of gas and solid species in 
the system.
NS; Is the total number of gas and solid species read
in.
OMGA; Interpolated value of XTKE.
P: Pressure in lbs/ft^.
PL; Pressure at the front surface of the char (lbs/ft^). 
Q: Is the rate of heat absorbed in the decomposition
zone in (BTU/ft^-sec).
Q2: It equals Q/DTC (BTU/ft^-sec-°F).
QA: Aerodynamic heating rate (BTU/ft^-sec). Equals
QL+QR .
QC2: Heat flux in the char zone (BTU/ft^-sec).
QC2I: Heat flux in the decomposition zone (BTU/ft^-sec).
QL: Is the total heat flux at the surface (BTU/ft^-sec).
QR: Is the rate of re-radiation from the surface of
the char (BTU/ft^-sec) .
REACl: Is the total rate of heat absorbed by the chemi­
cal reactions (BTU/ft^-sec).
REAC2: Heat absorbed by the chemical reactions (BTU/ft^-
sec) .
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REACT; Equals REAC2/DTC (BTU/ft^-sec-^).
RHO: Bulk density of the virgin material (lbs/ft^).
ROCHAR: Bulk density of the char material (lbs/ft^).
RR: Gas constant: 1.98726 (BTU/lb-mole°R).
51...56: These are six empirical constants for the
enthalpy fit of the constituent elements (1000°K-6000°K).
5IG: Collision diameter (Angstrongs).
5IGMA: 5tephan-Boltzman constant (4.81 x 10“^̂  BTU/ft^-
sec-°p4).
T1(Kl): Variable in which the temperature profile is
stored versus distance Z. Kl is a counter.
TC: Temperature in °F.
TCHAR: Temperature at which all the virgin material
has degraded to gas and char. (®K).
TFMAX: Maximum specified temperature of the front
surface of the char (°F).
THICK: Is the thickness of the char zone, in inches.
THICKl; Is the thickness of the decomposition zone in 
inches.
TK: Interpolated value of the temperature (in °K) at
a distance Z in the char.
TL: Front surface temperature of the char (®F) when the
temperature profile has been defined.
TLOW(I): Maximum temperature of low temperature fit for
species I. (°K).
TO; Initial temperature (°F) at Z=0.
TPREV: Temperature (°F) at the previous step.
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TTTT; This is the temperature (°F) in double precision 
arithmetic. A provision has been made in the program that if 
the step size is less than 8. xlO“  ̂ ft., the Runge-Kutta 
analysis is calculated in double precision arithmetic to 
reduce round-off error.
TVAR; Temperature in °K.
TVIS; Interpolated value of the temperature profile 
(°F) at a distance Z along the char.
VISCOS ; Viscocity of the gas (in centipoise).
VR; Surface recession velocity (ft/sec).
W: Mass flux based on the total area (Ibs/ft^-sec).
WI; Mass flux of the gases entering the char based on 
the total area (lbs/ft -sec).
XTKE; Product of the temperature in °K and 1/EK.
YCOMP(I,J): Array to store the concentration profile.
Y (I): Mole fraction of species I.
YI (I): Initial mole fraction of species I.
Distance along the decomposition zone or the char 
zone (ft).
ZINC: Increment of distance at which the temperature
profile is stored (ft).
ZMAX: Maximum allowable thickness of the char zone.
(Usually 0.25 inches).
ZZ: Distance of Z in double precision arithmetic (ft).
INDPTH
This subroutine calculates the physical properties of
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the virgin material and the pyrolysis gases.
A...E; These are five empirical constants for the heat 
capacity of the virgin material.
TELTKK; Increment of temperature (®K).
PHMCR
This subroutine computes the heat absorbed by the decom­
position of the phenolic resin and phenolic microballoons.
AREA; This is the area generated by a plot of calories 
versus temperature (°K) by the decomposition of phenolic 
resin during a differential thermal analysis (1350 cal/°K).
AREAl: This is the area generated by a plot of calories
versus temperature (°K) by the decomposition of phenolic 
microballoons during a differential thermal analysis (1464 
cal/°K).
A(I)...E(I): These are five empirical constants used to
fit a curve through a portion of the plot of calories versus 
temperature for the phenolic microballoons.
DT: Is the temperature difference in °K from a base
temperature of 350°C(623°K). Below 350°C, decomposition of 
the virgin material has not been initiated.
PELT: Is the temperature increment (°K) for an increment
of the Runge-Kutta Step.
H: Is the height (in calories) for the plot of calories
versus temperature (°K).
K6; Is a code used to bypass the read statements. When 
K6 is one, the data is read in. when K6 is two, the read
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statements are bypassed.
I-JUMBER: Is the number of fits used for the plots of
calories versus temperature.
QMICRO; Heat absorbed by the decomposition of the 
phenolic microballoons (calories/gram).
QPHNLC: Heat absorbed by the decomposition of the
phenolic resin (calories/gram).
NYLON ;
This subroutine calculates the heat ab sorbed by the 
decomposition of nylon.
AREA; This is the area generated by a plot of calories 
versus temperature (°K) for the decomposition of nylon (1122 
calories / °K) during a differential thermal analysis.
QNYLON: Heat absorbed by the decomposition of nylon
(calories/gram).
DNSITY:
This subroutine calculates the density change of pheno­
lic nylon and the mass flux of the pyrolysis gas.
A(J); Frequency factor of reaction J (sec“^).
COMPST: Is an integer variable giving the number of
composite in the ablator. In the case of phenolic nylon, it 
is three.
DELFLX(I): Is the change in mass flux of composite I
due to degradation (Ibs/ft^-sec).
DRUG; Differential change in density due to degradation,
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This variable is used as a criteria for stability while the 
solution is marching through the decomposition zone (lbs/ft^).
DRHODT(I): Rate of gas generation by the degradation of
composite I (Ibs/ft^-sec).
E (J): Energy of activation of reaction J used to des­
cribe the degradation of the composite (Joules/gram-mole).
MASFLX(I): Rate of change of mass flux due to the
degradation of composite I (lbs/ft -sec).
MA3FRC(I); Mass fraction of each composite in the mix­
ture of virgin material.
NREACT; Number of pseudo-order kinetic reactions used 
to describe the decomposition of the virgin material compo­
site.
RATER(J); Is specific reaction velocity of reaction 
J (Ibs/ft^-sec).
RHO; Bulk density of the composite (lbs/ft^).
RHOC(I); Residual density of composite I (lbs/ft^), 
RHOCC(I); Lowest value of residual density of composite 
I (lbs/ft^).
RHOI(I): Initial density of composite I (lbs/ft^).
RHOII; Initial density of the virgin composite (lbs/
ft̂ ) .
RHOT(I); Density of composite I at temperature T
(lbs/ft3).
VOLFRC(I): Volume fraction of each composite I.
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CHARPR;
This subroutine calculates the effective thermal con­
ductivity and the heat capacity of the char.
T: Temperature in °R.
INTRPL;
This program performs Lagrangian interpolation with non- 
equal step size between points.
F: Dependent variable array.
IMAX; Number of points in array.
SOM: Value of the interpolated dependent variable.
VAR; Value of X for which corresponding value of F is 
derived by interpolation.
X; Independent variable array.
THERMl:
This subroutine calculates the heat of formation of each 
chemical specie, the heat capacity of the mixture and the heat 
absorbed by the chemical reactions.
CPDTl: Is the sensible enthalpy gain by the constituent
elements from a reference temperature of 298.16°K (calories/ 
gram-mole).
CPMX: Heat capacity of the gas mixture (calories/gram-
mole °K).
ENTl(I): Enthalpy of species I (calories/gram-mole).
ENT(I): Heat of formation of species I (calories/gram-
mole) .
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HEATl; Rate of heat generated, or absorbed, by the 
chemical reactions (calories/cm^-sec).
KINET:
This program computes the rate of reaction of each che­
mical species.
AEF(J): Activation energy of reaction J (calories/
gram-mole.
AF(J); Frequency factor of reaction J (sec"^).
DELZZ; Runge-Kutta step size (cm.).
DLFLUX(I); Differential change in molal flux due to the 
chemical reaction of species I. This variable is used for 
the purpose of controlling the step size (gram-mole/cm^-sec).
FLUXMO(I): Molal flux of each chemical species I (gram-
moles/cm -sec).
HEAT; Rate of heat generated or absorbed by the chemi­
cal reactions (BTU/ft^-sec).
K2: Is a counter to keep track of the number of tempe­
rature points stored in Table (I,J).
K7: When K7 is one, initialization occurs and subroutine
INOUT is called. When it is 2, this is bypassed.
KOS: Total number of variables stored in the Table (I,J)
array.
KSP: Number of gas components in the chemical system.
KSPl: Number of gas and solid species in the chemical
system.
NPEX(I,J): Power on the concentration of product I in
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reaction J.
P: Pressure of the system in atmosphere.
PERCE(J); Mole percent of species J .
PSC(I,J): Stochiometric coefficient of the product I in
reaction J.
R: Gas constant (82.06 cm^-atm/gram-nole •
RATE(J): Rate of formation of species I (gram-moles/ 
cm^-sec).
RATER(J); Specific reaction velocity of reaction J 
(gram-moles/cm^-sec).
RK(J); Reverse reaction rate constant of reaction J.
RR; Gas constant (1.98726 calories/gram-mole ° K ) .
SF(J): Power on the temperature of the Arrhenius type 
kinetic expression.
SPCIEl(J): Specie identification name.
T: Temperature (°K).
TABLE(1/J): Is an array where I represents the number
of variables stored and J the number of temperature points. 
The variables stored are in the following order: T, HEAT,
V7NEW, AVGFW AND KSPl values of Y1(I).
TESS: Is the absolute maximum value of DLFLUX(I). This
variable is used in controlling the step size for stability.
TF: Temperature (°F).
TPREV: Is the previous value of the temperature (°K).
WNEW: Total mass flux of the gases (Ibs/ft^-sec).
XMW ri') : Molecular weight of species I.
Yl (I); Mole fraction of species I.
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INPUT:
This subroutine reads in the kinetic data.
AK(J): Empirical constant for the fit of the equili­
brium constant with temperature.
BK(J); Empirical constant for the fit of the equili­
brium constant with temperature.
EKr4AX(J) ; Maximum allowable value for the equilibrium 
constant of reaction J.
EKMIN(J); Minimum allowable value for the equilibrium 
constant of reaction J.
NCOEF(J); Is the sum of the stochiometric coefficient 
of the products minus the reactants.
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INPUT FORMAT; A Typical Input for Equilibrium Flow.*
CARD-1;
NC = 19 
i-;NS = 1 
MM = 4 
NODE = 1 
KEY = 2






CARD-2 : FORMAT (F10.3, lOX, 4F10.3)
PL = 2160. 1-10
TO = 500 21-30
EPS = .8 31-40
ZL = .35 41-50
HI = .000007 51-60
CARD-3: FORMAT(3EL5.5, F15.5)
ALPHA = .5E9 
BETA = .5E5 
SIGÎ4A = .43E-12 
EMIS = .90
CARD-4 FORMAT (3E10.3)
DTC = 3000. 









*3ee Table B-2 for the complete input data set.
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u 0LUI4NS
CARD-5 FORMAT (6E10.3, 13)
Sl(l) = 1.363250E0 1-10
S2(l) = 1.85605E-3 11-20
S3(l) = -7.6675E-7 21-30
S4(l) =.151043E-9 31-40
S5(l) = -1.139E-14 41-50
S6 (l) = -6.46972E2 51-60
JCODE(1) = 1  61-63
CARD-6 FORMAT (6E10.3)
All(l) = -.712442E0 1-10
A22(l) = 7.34065E-3 11-20
A33(l) = -5.5262E-6 21-30
A44(l) = 1.51400E-9 31-40
A55(l) = -2.382F-14 41-50
AG6(1) = -6.80533E1 51-60
CARD-5 and CARD-6 are read sequentially MM times 
as is specified in CARD-1. For this particular 
example MM = 4.
CARD-7 FORMAT (lOX, 3E10.3. 2X, 2A3, 14)
TLOW (1) = 1000. 11-20
FH(1) = 1.008 21-30
YI(1) = .739503E-7 31-40
SPCIE 1(1) = 43-45
SPCIE 2 (1) = E 46-48
ICODE(1) = 0 49-52
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C A R D -3  FORMAT ( 7 E 1 0 .3 )  COLUMNS
AI(l) = 2.500000E0 1-10
31(1} = 0. 11-20
CI(1) = 0. 21-30
DI(l) = 0. 31-40
EI(1) = 0. 41-50
FI(1) = 2.547050E4 51-60
GI(1) = -4.6001E-1 61-70
CARD-9 FORMAT (7E10.3)
AII(l) = 2.500000EO 1-10
BII(l) = 0. 11-20
CII(l) = 0. 21-30
DII(l) = 0. 31-40
EII(l) = 0. 41-50
FII(l) = 2.547050E-4 51-60
GII(l) = 4.6001E-1 61-70
CARD-10 FORMAT (4E10.3)
AA(1;1) = 0. 1-10
AA(1,2) = 1. 11-20
AA(1;3) = 0. 21-30
AA(1,4) = 0. 31-40
CARD-7, CARD-8, CARD-9 and CARD-10 are read in sequentially 
as a group, (NC+NNS) number of times. Only the data for 
Specie 1, in this case hydrogen atoms, is presented.




EK(1) = 33.3 1-15
SIG(l) = 2.986 16-30






ZOMGA(l) = 2.785 16-30
CARD-13 is repeated NDATA number of times as specified 
by CARD—12 «
CARDS-1 through 13 are read in the MAIN program.
These cards define the physical conditions of the system.
In addition they provide the thermodynamic data and the 
physical constants for the pyrolysis species. CARDS-14 
through 19 provide the thermophysical information for the 
virgin material and also the kinetic data for the degrada­
tion of the polymer.
CARD-14 FORMAT (5E12.6)
A = 0.37000070EO 1-12
B = 0.7367133E-4 13-24
C = 0.1532513E-5 25-36
D = -.1962704E-3 37-48
E = .8S57809E-12 49-60
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C7RD-14 is read in subroutine INDPTH.
CARD-15 FORMAT (5E12.8) COLUMNS
A(l) = 0.10561790E0 1-12
B(l) = -1.836062E-2 13-24
C(l) = 1.7580490E-3 25-35
D(l) = -1.578598E-5 37-48
E(l) = 4.7310570S-8 49-60
CARD-16 FORMAT (5E12.8)
Al(l) = -.35642660E-1 1-12
Bl(l) = 4.5790730E-2 13-24
Cl(l) = 1.2298170E-4 25-36
Dl(l) = -.8277667E-7 37-48
El(l) = -.2279748E-7 49-60
CARD-15 and CARD-16 are read sequentially four times 
in subroutine PHMCR. For a thorough explanation on the 
sources of data for the phenolic resin see Appendix C.
CARD-17 FORMAT (216)
COMPST = 3 1-6
NREACT = 7 6-12
Card-17 is read in subroutine DNSITY as well as CARDS 
18 and 19.
CARD-18 FORMAT (4X, 16, 3E10.8)
1 = 1  5-10
A(l) = 8.3000E14 11-20
E(l) = 232.0 21-30
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COLUMNS
XN(I,1) = 1.0 31-40
CARD-18 is read NREACT number of times and the index 
in I changes from 1 through 3 depending on whether the data 
is for nylon or for phenolic or for the microballoons.
CARD-19 FORMAT (3E10.3)
RHOI(l) = 58.6 1-10
RHOC(l) = 5.145 11-21
MASFR(l) = 0.4 21-30
CARD-19 is repeated COMPST number of times.
CARD-20 FORMAT (II)
IPRINT = 1
CARD-20 is read in subroutine CHEMEQ.

















TABLE B-2. Typical Input Data for Equilibrium Analysic
19 1
2 1 6 0 .
.  50 30  
3 0 0 0 .  OF 0 
I  . 3 6 3 2 5 2 E 0 1 .  
- . 7 1 2 4 4 2 E 0 7 .  
3 . 0 4 3 6 9 0 E 0 6 .  
2 . 8 4 6 0 8 5 E 0 4 .  
2 . B 5 4 5 7 6 E C 1 .  
3 . 6 9 1 6 1 5 E 0 - 1  
3 . 5 9 7 6 I 3 E 0 7 .  
3 . 7 I 8 9 9 5 E 0 - 2
2 . 5 0 0 0 0 0 E O  0 
2 . 5 0 0 0 0 0 E C  0 
O.OOOOOOEO 1
3 . 0 4 3 6 9 E 0 0  6 
2 . 8 4 6 O 8 5 E 0 4 .  
O.OOOOOOEO 2
2 , 8 0 2 7 6 6 E C 6 .  
3 . 3 9 9 5 0 5 E 0 4 .  
l .OOOOOOEC 3
1 . 1 3  0G0EO 1 
4 . 2 4 9 7 6 8 E 0 - 6  
I .COOOOEO 4
4 . 4 9 6 6 E 0 0  5 
7 . 9 0 3 3 3 F - 1  2
OF 9 
1 0 7 3 . OC 
8 5 6 0 5 E - 3 -  
3 4 0 6  5E ~ 3— 
1 1 8 7 1 E - 4 -  
1 9 3 2 1 E - 3 -  
5 9 7 6 3 E - 3 -  
. 3 3 3 3 E - 3 2  
8 1 4 5 6 E - 4 -  
. 5 1 6 7 E - 3 8  
1 0 0 0 . EO 
.OOOOOEO 
. OOOOCE 0 
.COOOOEO 
ICOO.EO 
. 1 1 8 7 F - 4  
1 9 3 2 E - 0 3 -  
.QOQCOEC 
1000.F 0 
2 5 0 4 5 F - 3 -  
2 6 7 8 3 E - 3 2  
. 3C00CEC 
1^00.EC 
. 0 9 5 C F - 2 -  
. 9 1 2 7 F - 3 
OOOOFOO 
10 3 0 . EC 
2 6 9 8 F - 3 -  
3466E — ?— 
■^ TOOE C 
1F0‘?.E0
1 2 
5 0 0 .
. 5 C 0 00 E5  
2 . E - 3  
7 . 6 6 7 5 E - 7 .  
5 . 5 2 6 2 E - 6 1  
7 . 3 9 9 4 E - 9 -  
9 . 6 1 1 9 E - 6 9  
6 . 2 5 6 6 E - 7 .  
. 6 5 Ü 3 1 E - 6 -  
2 . 2 3 8 7 E - 7 4  
. 5 8 3 7 4 E - 6 -
1 . C 0 8 E 0 .  
0 . COOOOEO 
C.COOOOEO 
0 . COOOOEO
2 . C 1 6 E 0  
- 7 . 3 9 9 E - 9  
9 . 6 1 1 9 E - 6 9  
0 . COOOOEO
1 5 . 0 35 E G.  
2 . 2 8 9 2 E - 6 3  
. 0 3 3 2 7 E - 7 -  
C.COOOOEO 
1 6 . 0 4 3 E 9  
4 . 0 6 2 0 F - 6  
3 . 1 6 C 2 E - 5 -
0 .00COEOO  
2 6 . C38EC.
1 . P 4 0 E - 0 6 3  
3 . 5 5 4 2 E - 5  
0 . C0Û0GEC
2 8 . 0 5 4 E 0 .
. 8  0 . 3 5 0 0 0 0 0  . 0 0 0 0 0 7 0 0  
. 4 8 0 5 5 5 5 E - 1 2  0 . 9 0
1 5 1 0 4 3 E - 9 - 1  
. 5 1 4 0 0 E - 9 - 2  
2 . 0 3 3 E - 1 1 2 .  
. 5 1 2 2 7 E - 9 - 3  
1 1 3 1 5 8 E - 9 - 7  
. 9 7 6 8 8 E - 9 - 9  
. 2 4 9 0 E - 1 1 - 3  
8 . 2 9 9 9 E - 9 2 .  
7 3 9 5 0 3 E - 7  
C.OOOOOEO 0 
O.OOOOOEO 0 
o . 0 0 0 0 0 EO 
4 . 5 7 7 8 3 5  
- 2 . 0 3 E - 1 1  2 
. 5 1 2 3 E - 0 9 - 3  
O.OOOOOEO 
1 0 3 7 9 1 E - 6  
. 8 9 9 3 E - 1 0 - 2  
1 . 1 5 4 8 E - 9 4 .  
C.OOOOOEO 
. 1 6 C 4 6 7 1  
7 . 1 3 7 E - 1 0 - 4  
2 . 9 7 1 5 F - A 9 .  
C.OO^OEOO 
3 9 0 3 3 5 E - 7  
. 1 0 5 4 E - 1 0 - 2  
2 . 7 9 5 1 E - 8 - 8  
O.OOOOOEO 
2 8 6 4 2 5 F - 5
,  1 3 9 E - 1 4 - 6  
. 3 8 2 E - 1 4 - 6  
4 5 9 4 E - 1 5 - 8  
. 3 C 9 E - 1 2 - 9  
. 6 9 0 E - 1 5 - R  
. 9 7 7 E - 1 4 - 1  
. 3 4 6 E - 1 5 - 1  
7 0 8 2 E - 1 2 - 1  
H 0  
. 0 Û 0 0 0 E 0 2 .  
.OOOOOÊ02.
. 4 9 6 7 2 F 2  
. R 0 5 3 3 E 1  
. 5 4 9 1 0 E 2  
. 6 7 2 5 3 E 2  
. 9 0 1 7 4 E 2  
. 0 6 2 8 3 E 3  
. 1 9 2 7 9 E 3  
. 1 0 5 7 7 E 3
54 7 0 5 0 E4 -  
54 7 0 5 0 F 4 -
H Z  0 
. 4 5 9 E - 1 5 - 8 . 5 4 9 1 E 0 2  
. 3 0 9 E - 1 2 - 9 . 6 7 2 5 4 E 2
CH3 n 
. 5 2 8 E - 1 4 1 . 5 7 8 7 4 9 E 4 5  
128 8 E - 1 3 1 . 5 6 4 9 7 9 E 4  2
CH4 0 
. 7 4 9 E - 1 4 - 9 . 8 5 5 6 E03  
5 1 0 3 F - 1 2 - 1 . 0 1 8 6 6 E 4 -
C2H2 0 
. C C C E - 1 4 2 . 5 6 3 7 E 0 C 4 -  
















4 . 6 0 0  l E - 1 DATA 15
4 . 6 0 0  l F - 1 DATA 16
DATA 17
DATA 18
— 1 . 6 4 8 F 9 0 DATA 19
- 1  . 4 1 IflEO DATA 20
DATA 21
DATA 22
. 6 8 4 1  17F0 DATA 23
. 7 0 3 7 4 7 F 0 DATA 24
DATA 25
DATA 26
1 . 2 5 0 6 E C I DATA 27
0 . 1 7 5 5 F - 1 DATA 28
DATA 29
DATA 30
3 . 1 4 4 8 1 F 0 DATA 31




















3 ,  5023F 0 0  
1 . 1 2 9 2 4 4 E 3  
2 . 0 0 0 0 0 E C
. 1 4 3 0 7 9 9 E 1 .  
• 2 8 8 2 0 3 9 E 1 .  
2 . 0 0 0 0 0 E C
2 . 8 5 4 5 7 6 E  G 
3 . Ô 9 1 6 1 5 E 0 -  
O.OOOOOOEO
2 . 1 4 9 3 9 9 E 0 6  
3 . 7 7 1 6 2 E 0 0 -  
O.OOOOOEOC
3 , 6 5 3 8 0 3 E 0 3  
2 . 1 6 8 1 1 5 E 0 1
1 . OOOOOOEO
2 . 6 7 0 7 5 E  0  
4 . 1 5 6 5 0 E 0 0 -  
0 . OCOOOOE 0
2 . 8 8 9 5 5 4 E  09  
3 . 8 2 3 4 7 O E 0 -  
0 . OOOOOOEO
4 . 4 1 2 9 E 0 0 3  
2 . 1 7 0 1 0 C E 0  
1 . COOOOEO
2 . 9 5 1 2E00  
3 . 7 8 7 1 3 3 E 0 -
1 .  1 5 9 E - 0 2 - 4  
1 . 3 9 0 6 E - 2  2 
4 .CO0OCEÜ 0
1000.E C 
1 8 8 8 9 8 E - 1 - .  
1 0 3 2 1 9 E - 1 . 1 
6 . 0 0 0 0 0 6  0 0 
1 0 0 0 . EO 
1 . 5 9 7 6 E - 3 - 6  
1 . 3 3 3 3 6 - 3 2 .  
O.OOOOOEO 2 
1 0 0 0 . EO 
. 4 9 2 8 5 6 - 3 - 2  
4 . 8 6 2 1 6 - 4 9 .  
3 . 0 0 0 0 0 E C  1 
1 0 0 0 . EC 
. 4 4 3 6  36 — 3—1 
. 0 7 2 9 0 E - 2 - 1  
l . OOOOOEr  1 
1 0 0 0 . EC 
3 . 0  3 1 7 E - 3  -  
1 . 7 2 4 4 E - 3 5 .  
2 . 0 0 0 0 0 E O  0 
1 0 0 0 . EC 
. 9 8 3 5 ) 6 - 4 - 2  
1 . 1 1 8 7 E - 3 1 .  
I.0000CEO r 
1 0 0 0 .  E (.
. 1 9 2 3 6 - 0 3  -  
1 . 0 3 7 8 6 - 2 - 1  
c.njoocEO c 
I COO.EO  
1 . 5 5 2 6 6 - 3 - 6
2. 1716-035.
. 4 7 4  56 — 6 
. 6 5 6  8E—6 — 
.COOOOEO 
3 C . 0 7 0 E 0 .  
7 0 4 4 0 E — 5 .  
1 9 1 4 2 E - 4 -  
. COOOOEO 
2 8 . C 1 6 F Q  
. 2 5 6 6 6 - 7 1  
6 5 0 3 1 E " 6 — 
. COOOOEO 
1 7 . 0 3 2 E 0 .  
. 2 6 9 5 6 - 6 3  
8 7 4 2 6 - 0 6 -  
. COOOOEO 
2 7 . 0 2 7 6 0 .  
. 2 5 8 5 6 - 6 2  
. 5 0 8 8 F - 5 I  
. COOOOEO 
1 8 . 0 1 6 6 0  
8 . 5 3 5 6 - 7  
6 9 8 2 6 - 0 6 -  
. COOOOEO 
1 7 . 0 0 8 6 0  
. 1 8 8 0 6 - 7 1  
2 4 6 6  86 —6 — 
.COOOOEO 
4 4 . 0 1 1 6 0  
1 . 2 9 8 6 - 6  
. 0 7 3 4 6 - 5 6  
.COOOOEO 
2 « . 0 1 1 6 0  
. 1 9 1 1 E - 7  
0 7 5 7 3 6 - 6 -
7 . 9 4 5 F - 1 0 -  
1 . 1 5 6 0 6 - 8 5  
O.OOOOOEO 
2 0 8 2 7 3 6 - 5  
1 1 8 7 2 0 6 - 8 -  
. 1 4 8 3 2 6 - 7 .  
0 . 0 0 0 0 0 6 0  
0 . 1 8 8 0 6 1 7  
. 1 3 1 6 6 - 1 0 -  
9 . 7 6 9 6 - 1 0 -  
0 . 0 0 0 0 0 6 0  
2 6 1 4 6 7 6 - 3  
. 7 3 9 4 6 - 1 0 -  
9 . 5 6 7 9 6 - 9 3  
O.OOOOOEO 
2 0 6 3 0 7 6 - 4  
. 1 6 9 2 6 - 1 0 -  
. 1 9 3 3 0 6 - 8 -  
0 . 0 0 0 0 0 6 0
0 . 1 0 6 3 1 8 5  
1 . 1 7 9 6 - 1 0 -  
4 . 5 9 3 0 6 - 9 1  
1 . 0 0 0 0 0 6 0  
1 . 0 0 0 0 6 - 9  
. 9 8 0 3 6 - 1 1 -  
2 . 1 0 3 6 - 1 0 -
1 .COOOOEO 
. 0 2 7 1 1 2 0 1  
2 . 4 1 5 6 - 1 0 -  
. 3 4 5 9 2 6 - 9 -  
2 . 0 0 0 0 ^ 6 0  
0 . 1 0 7 7 7 1 3
I  . 1 3 5 6 - 1 0 -  
3 . 4 7 3 8 6 - 9 7
5 . 3 2 3 E - 1 4  4 . 5 4 3 9 6 0 3  2 . 4 6 6 7 6 0 0  
. 2 3 8 7 6 - 1 2 5 . 3 3 2 8 8 9 6 3  1 . 5 8 3 7 8 6  1
C2H6 0 
. 7 4 4 5 6 - 1 3 - . 1 1 4 3 1 1 6 5 . 1 4 0 1 3 2 1 6 2  
4 4 7 4 9  6 - 1  1 - . 1 1 6 2 0 9 6 5 . 7 5 9 7 9 0 0 6  I
N2 0 
7 . 6 9 6 -  1 5 - 8 . 9 0 1 7 4 6 2  
9 . 9 7 7 6 - 1 4 - 1 . 0 6 2 8 3 6 3
NH3 0 
2 . 3 6  l F - 1 4 - 6 . 4 0 1 9 6 6 3  
. 1 3 1 3 6 - 1 2 - 6 . 7 2 8 1 0 6 3
6 . 3 9 0  2960  
2 . 2 8 7 5 0 6 0
9 . 2 3 8 9 1 6 0
1 . 4 6 5 4 6 0 0
HCN 0
1 . 4 3 0 E - 1 4 1 . 4 4 2 1 8 0 6 4 2 . 3 7 2 6 0 2 E 0  
3 .  7 0 0 E - 1 2 1 . 4 6 8 2 9 0 6 4 9 . 2 8 1 0 2 0 6 0
H20 0
6 . 1 9 7 6 - 1 5 - 2 . 9 8 8 9 6 0 4  6 . 8 8 3 8 3 6 0  
. 4 2 3 4 6 - 1 2 - 3 . 0 2 8 8 8 6 4 - 6 . 8 6 1 6 E - 1
OH 0
3 . 8 4  5 6 - 1 6  3 . 8 8 1 1 7 9 E3 5 . 5 5 9 7 0 1 60  
5 . 2 5 4 6 - 1 4 3 . 5 8 5 2 7 8 6 3 5 . 8 2 5 3 6 - 0 1
C02 0
1 . 6 7 4 6 - 1 4 - 4 . 8 9 4 4 6 0 4 - 7 . 2 8 7 6 6 - 1  
1 . 6 2 8 6 - 1 2 - 4 . 8 3 5 2 6 6 4  1 . 0 6 6 4 4 6 1
CO 0
7 . 7 8 8 6 - 1 5 - 1 . 4 2 3 2 6 0 4  6 . 5 3 1 4 6 0 0  



























































l .OOOOOEO n . COOOOEO C.OOOOOEO I  .COOOOEO DATA 69
1 0 1 0 . FC 2 6 . 0 1 9 E 0 l . o o n O E - 9 CN 0 DATA 70
3 . 6 C 2 2 6 3 E 0 3 . 4 C 9 6 2 F - 4 9 . 7 1 6 2 4 E - 8 - 1 . 5 8 2 F - U - 4 . 14 2 F - 1 6 4 . 7 3 1 0  37E4  3 . 5  52052EO DATA 71
3 . 8 5 2 R 1 4 F 0 - 2 . 7 6  3 2 E - 3 6 . 857 0 4E  — 6 —5 . 4 1 3 E - 0 9 1 . 4 9 0 6 E - 1 2 4 . 7 4 0 9 6 9 E 4 2 . 9  7 1 8 0  2F0 DATA 72
I . O C OÜ I O FO  O.COOOOFO l .OOOOOEO O.OOOOOEO DATA 73
1 0 0 0 . EO 2 5 . 0 3 0 E 0 l . O O O O E - 9 C2H 0 DATA 74
. 3 5 1 3 4 7 9 E 1 . 3 5 8 9 0 6 E - 2 - . 1 3 2 3 1 E - 5 . 2 3 0 5 2 0 E - 9 - . 1 5 3 0 E - 1 3 . 5 7 8 8  7 5 9 E 5 . 4 5  232  8 5 E 1 DATA 75
. 3 0 0 6 2 6 9 F  l . ‘55 3 7 R 8 E - 2 - . 3 5 1 1 2 E - 5 . 1 2 4 8 6 0 E - 8 - . 189 6 E - 1 2 . 5 7 9 6 9 6 O E 5 . 6 9  20 3 49 F 1 DATA 76
2 .CC00ÛGEG l . C O O O f E C C.OOOOOEO O.OOOOOEO DATA 7 7
1 0 0 0 . EO 3 7 . 0 4 1 E 0 l . O O O O F - 9 C3H 0 DATA 7 8
. 3 9 6 4 7 0 9 F 1 . 6 2  0 C 3 O E - 2 - . 2 2 6 5 5 E - 5 . 3 7 1 7 1 2 E - 9 - . 2 2 6 2 E - 1 3 . 6 2 8 3 2 8 5 F 5 . 3 4 6 7 0  72E1 DATA 79
. 2 4 7 3 8 4 0 E l . i l 7 5 0 9 F - 1 - . 8 0 4 4 B E - 5 , 2 7 2 8 9 6 E - 8 - . 3 5 4 4 E - 1 2 . 6 3 0  77 2 1 E 5 . 1 0 5 4 2 5 4 E 2 DATA 80
3 . OCOOOOE0 1 .  0 0 100FC G . COOOOEO O.OOOOOEO DATA 81
1 0 1 0 . EO 3 9 . C 5 2 E 0 1 . OCOOE- 9 C4H 0 DATA 82
. 5 8 7 3 6  7 9 E 1 . 7 4 0 3 3 8 F - 2 - . 2 7 2 8 9 E - 5 . 4 4 3 7 2 0 E - 9 - . 2 6 3 7 E - 1 3 . 7 6 0 5 1 6  3 E 5 - . 4 0 1 0 0 4 F 1 DATA 83
. 2 6 9 5 8 2 0 E 1 . 2 2  6 7 6 8 E - 1 - . 2 4 5 0 8 E - 4 . 1 3 1 4 7 4 E - 7 - . 2 6 7 3 E - 1 1 . 7 6 4 8 8 8 1 E 5 . 1 0 3 9  80 7F2 DATA 84
4.0GOOOCEO l . C O l l O F O O.OOOOOEO O.OOOOOEO DATA 8 5
l o c e . E c 3 6 . C 3 3 E 0 1 . OOOOE-9 C3 0 DATA 8 6
4 . 7 1 2 4 7 4 E 1 2 . 9 0 2 6 5F -  3 - 1 . 2 1 4 2 E - 6 2 . 2 8 4 7 E - 1 0 - 1 . 5 9 9 F - 1 4 9 . 3  75 27 0 E 4 - 2 . 5 3 0 4 4 E O DATA 87
2 . 6 3 2  5 8 7 F 0 9 . 4 1 8 5 7 E - 3 - 9 . 5 9 3 2 E - 6 5 . 5 7 9 5 5 E - 9 - 1 . 4 2 4 E - 1 2 9 . 4 3 1 1 4 8 F 4  8 . 0 7 8 8  26F 0 DATA 88
3 . 0 C 0 0 1 0 E O  l .OOCOCEO C . COOOOEO O.OOOOOEO DATA 89
1 0 0 0 . EO 1 2 . 0 1 1 E 0 7 . 1 2 5 7 3 1 C 1 DATA 90
1 .  36 325E ) 0 1 . 3  5 6 0 5 E - 3 - 7 . 6 6 7 5 E - T I . 5 1 0 4 E - 1 0 - 1 . 1 3 9 E - 1 4 - 6 . 4 9 6 7 F 0 Z - 7 . 9 8  9 0 F 0 0 DATA 91
- 7 . 1 2 4 4 E - 1 7 . 3 4 C 6  5 E - 3 - 5 . 5 2 6 2 E - 6 1 . 5 1 4 E - 0 9 - 2 . 3 B 2 F - 1 4 - 6 . 8 0 5 3 3 E 1  2 . 7 9 3 2 6 E 0 DATA 92
l .COOOEGO O. lOOOCEC 0 . COOOEOO O.OOCOEOl DATA 93
3 3 . 3 2 . 9 8 6 H DATA 9 4
3 3 . 3 2 . 9 8 6 H2 DATA 95
1 3 6 . 5 3 . 8 2 2 CH3 DATA 96
1 3 6 .  5 3 . 8 2 2 CH4 DATA 97
1 3 5 .  0 4 . 2 2 1 C2H2 DATA 98
2 1 5 . 1 4 . 2 3 2 C2H4 DATA 9 9
2 3 1. 4 , 4 1 8 C2H6 DATA ICO
9 1 . 5 3 . 6 8 1 N2 DATA 101




^  #W #"4 ^  #"4 ̂  #"4 #"4 ##4 #W m4 «"4 #"4 ̂  ^  ^  #-4 m4 iM ^  ^  #-4 ^  f-4 ^  ^  ^4 ^
< < < < < < < < < < < < < < < < < < < « ? < < < < < î < < < < < < ! ' < < <
« ! < < < < < < < < < < < < « < < < < < < < < < < < < < < < < < < < 1 <O Q C O Q C C Q O D O D O O O O D O O C C C O O C C . C O C C C C O C
Z rO X M □ Z o T O O u o i x x m  1 2  u (\i m «d- u u a o
r\lf«̂ >ÛO -4 — 4 ^—4(Tr')0'g''-4(\lf\](M(\j
• • • • • • • • • •>J'rorOf<'irn'd’'d’'d''d’'d‘
irccc\'Our̂ \Dif\(\iocm-ioTiLncrr-<-(\jU'4f(r̂ -z:̂QCcviO'>oir‘Lnvoao04d-copvjr-;MoOr-iir'C7't-i>4- (r m  ou»̂y0'J'fncvi-4C0'O'ccr̂ r*->CN0Lnir>tp<̂ f('. f\,r-4̂ o
C\J (VJ (M OO f\l <\J CM
o c o o o c- o o« • • • « • • • a »
I T i f S j r r i C  O l T i t n i r ^ i n i T i  rr^i^O'^poX/cocnoo rn #-4 4̂ po #-4 -̂4 aw ,*4
oiPOinoiTiCir'Oiroir. cmcr'c-f^coofrirr)4?‘4Î'irin'O«Or*-r̂ 00 0C'C7'(Tf~',-4f'jrOi/>r4“C'rNj>O 
s ^ a a a a a a a a a a a a a a a a a a a a a a aP<'OOOC'OOOOOOC'OOOp-i^-4-4»4,-(4Hrv>'M
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4 4 6
a o c «-I (\l fp <• LP o CO O (M m <- IP <o r- 00 o o PJ fp <• IP >0 r- COftl fp fO <- < C 'T C c <- •c LP IP IP IP IP IP IP IP IP IP 'O O « o o o '0 c c4̂ •-4 #"4 —t w m"4 m4 f-4
< < < < < < < < < < < < < < < < < < < < < < < < < < < < < < < <K K >- V- t- N- K w. >- h-K K K t- t- 1- h-K K K >- f- K K h- K ►-
< < < < < < < < <I < < < < < < < < < < < < < C < < < < < < < < <a o o 3 Q o C O o O o o C o o c o C o o O O o a C c o c o C O o
PJCDp-p- o r- nO >o»-< 1 1 1 1 1 1 11 LULULULULULU LULU 00 p- vOC-IP OO'IPc 00 -fc <- a-lo O '0 o P-COF#O'IT CO o 00p-fPp-m <rPIIPP-Pl '0 O'«d- fNJCO •PI • pH fH *—400 'J- • • • •1 a
00 IPp-< sr1 'd- 1 fpLULULULULU LULU Ul00 r- >0 p- <M oc O' \0 O' fM<o O'IPo p-fp fP<M 00PI00 1̂ fpp fsl O'«Pr-p-00 00 «d-CNJ fpO' o PIfpfPp p-«00 •O' f-4•*—1 •PI a • # •
IPfp 1 CM aU1LULuLUluLULULU LU00 O' PIIPo o fp'fpU>J-P p~LT» fpIPo 00 <MP- O' o O'PICOO'O IP ir> <5CPIPP O''i--o#—4 «d-IPr-P O'o 00 PI. •o fp cr. m-4IP •IP a O' •o « 1 a 1 p- fM00 <- P o vO 1C\J p.P p 'Tfp O'CDo CMPIfCCO 1 1 1 c c C o PI «d- 00 f"O'oo LULULULUluLU LU00 00 f" o vCIP0' a LU« fPCMfp O ft. O COc o rPc 1̂ <-IP o o o o o o oc O PI 1̂ vOp- \GO' vO IPc ft o IPo <0fp.œ IP00 p- \0 O' OCp- . CO■I—<>r'T a fp oo 1 1 1
CJo 1c~o O o oLUuu■jjLULU LULU LUo O'vOCOO 00 IP CMM p-c c IPfp00 o cro o o $—4PIp o fp'd-o o o o o o o a cr• • o >o O'o CP CO a a a a a a a IP «m o o o IP o O'o r- a P*o o o o ca o o IP a a IP.O' f—4 r-o fO






orr̂f\j(\io o o o o o o  —
iU UJ m  iu UJ LU LU COo o o o c o o  •o o o o o o o  o o o o o o o  —o o o o c o o  Io o m  #4 o o o ÜJ• • • • • • •  N
( f l mW m  N  r \ l O  ITl
O O O O C l O O  muJujUJUjajijjLuooc coocoooLuiLiuj mo o o o o o o o o o  o c o o o o o o c o  •• ••••••oir\irv I
ft; • e « O
1-1«-|C0 0  LUO'-'rocirf^iTvooooo O'
''̂ Jj Uj U.UJUJ'-'JJLULU o
ÜJ O  O  O  O  O  LU o  C' C ft,
C  o o o o c o o  f  sO C5
O  O  O  O  O  C- IT. C  C  rH
O  O  C: O  O  ri O  OvJ >1- •
fo—4it>oor~fni-i • o  r
r-ccinfMrsJooO'-^ir' ^  c
.-I fvj fvJ tv: C ft. c <“• o C' jj
LU LU UJ OD C- o c;O O O -f
rr, O  O O  C
vO O  CO •
•  •  •  IPœ c h- IP
\C 00 CO
^  I

















TABLE B-3. Typical Output for Equilibrium Analysis
I NOEPTH FLOW A N A L Y S I S { F O U I L I  B R I UM FLOW)
THEORETICAL
^  CHAR BACK TEMPERATURE I OF 1= 1 5 2 4 . 8  NUMBER OF GAS COMPONENTS: 19
CD
I  I N I T I A L  S L O P E { O E / E T ) =  3 0 0 0 . 0  I N I T I A L  D ENSI TY  OF C O MP OS IT E I L BS / F T 3 ) =  3 4 . 9 4
oQ. THICKNESS OF CMAR( I NC H E S ) = 0 . 0 2 2 3 9 2  THICKNESS OF OECCMPOSIT 1 0 N ZONE^O. 0 5 3 2 5 0
TOTAL MASS F L U X ( L R S / E T 2 - S e C ) = . 0 3 4 9 4 2  GAS MASS FLUX AT THE SURFACE= . 0 7 4 8 0 5
FRONT SURFACE TEMPERATURE( OF J = 5 5 0 0 .  0 SURFACE RECESSION VELOCI  T Y ( F T / SEC) = 0 . 0 0  10 0
I  RATE OF HEAT ABSORBED IN THE CHAR ZONE( B T U / F T « * 2 - S E C ) = 1 6 8 7 2 . 2 7 7
I—H
o r a t e  o f  HEAT ABSORBED IN THE DECOMPOSITION ZONE( B T U / F T 2 - S E C = ) 2 0 . 6 3 8
PERCENT OF TOTAL HEAT ABSORBED IN THE CHAR ZONE= 0 . 9 9 8 7 7 8  IE 02
PERCENT OF TOTAL HEAT ABSORBEf) IN DECOMP-ZONE= 0 .  1 2 2 1 6 6 0 E  00
PERCENT OF HEAT ABSORBED BY THE GAS I N  THF CHAR ZONE= 0 . 4 5 7 6 7 1 3F 00
PERCENT OF HEAT ABSORBED BY THF SOLIDS IN THE CHAR ZONE= C . 8 0 2 6 0 l O E - 0 1
PERCENT OF HEAT ABSORBED BY REACTION IN THE CHAR ZONE= 0 . 9 9 4 6 2 0 8 E  02
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CHAR DEPTH ( F T )  
TEMPERATURE ( O F )  
PRESSURE ( L B / F T 2 )
MASS F L U X ( L B / F T 2 - S E C )
GAS COMPONENT
0 , 0 0 4 9
1 6 5 1 . 6
2 1 6 8 . 5
0 . 0 2 6 0
0 . 0 0 5 0  
1672  . 9  
2 1 6 8 . 4  
0 . 0 2 5 9
0 . 0 0 5 0  
1 6 9 0 . 8  
2 1 6 8 . 3  
0 . 0 2 5 9
0 . 0 0 5 1  
17 IP . ? 
2 1 6 8 . ?  
0 . 0 2 5 8
COMPOSIT I ON (MOLE/MGLE GAS)
0 . 0 0 5 1  
1 7 4 9 . 7  
2 1 6 8 . 0  
0 . 0 2 5 7
I H 0 . 1 1 0 3 E - 0 6 0 . 1 3 9 1 E - 0 6 0 .  1 6 9 0 E - 0 6 0 . 2 2 2 6 F - 0 6 0 . 3 0 7 6 F - 0 6
2 H2 0 . 8 9 9 0 E  0 0 0 . 9 0 0 5 E  00 0 . 9 0 1 6 E  00 0 . 9 0 3 2 E  00 0 . 9 0 4 8 F  00
3 CH3 0 . 7 8 1 7 E - 0 7 0 . 8 9 7 3 E - 0 7 0 . 10 06 E“ 0 6 0 . 1 1 8 7 E - 0 6 0 . 1 4 3 5 E - 0 6
4 CH4 0 . 1 5 9 7 E - 0 1 0 . 1 4 6 0 E - 0 1 0 .  1 3 5 7 E - 0 1 0 . 1212E-01 0 .  1 0 7 0 F - 0 1
5 C2H2 0 . 6 3 9 4 E - 0 7 0 . 8 0 7 2 E - 0 7 0 .  9 8 0 7 E - 0 7 0 .  1 2 9 2 E - 0 6 0 . 1 7 8 5 E - 0 6
6 C2H4 0 . 9 7 6 9 E - 0 6 0 . 1 0 1 9 F - 0 5 0 .  1 0 5 5 E - 0 5 0 . I  1 l O E - 0 5 0 . I I 7 5 E - 0 5
7 C2H6 0 . 1 8 3 9 E - 0 6 0 . 1 6 5 4 E - 0 6 0 .  1 5 1 5 E - 0 6 0 . 1 3 2 4 E - 0 6 0 . 1 1 4 1 E - 0 6
8 N2 0 . 3 5 0 4 E - 0 1 0 . 3 4 9 8 E - 0 1 0 . 34 9 4 E - 0 1 0 . 3 4 8 9 E - 0 1 0 . 3 4 8 3 E - 0 I
9 NH3 0 . 3 5 2 1 E - 0 4 G . 3 3 2 9 E - 0 4 0 . 3 1 7 9 E - 0 4 0 . 2 9 6 4 E - 0 4 0 . 2 7 4 1 E - 0 4
10 HCN 0 . 1 5 3 4 E - 0 4 0 . 1 7 5 2 E - 0 4 0 . 1 9 5 5 E - 0 4 0 . 2 2 9 3 E - 0 4 0 . 2 7 5 6 E - 0 4
11 H20 0 . 1 5 6 4 E - 0 2 0 . 1 3 6 9 E - 0 2 0 . 1 2 2 7 E - 0 2 0 .  1 0 3 5 F - 0 ? 0 . 8 5 8 8 E - 0 3
12 OH 0 . 1 3 8 6 E - 1 1 0 .  1 6 2 6 E - - 11 0 . 1 8 5 7 F - I 1 0 . 2 2 4 7 F - 1 1 0 . 7 8 0  I F - 1 1
13 C02 0 . 6 5 9 1 E - 0 4 0 . 5 5 9 0 E - 0 4 0 . 4 8 8 0  E —04 0 . 3 9 4 7 F - Q 4 0 . 3 1 3 3 F - 0 4
14 CO 0 . 4 8 3 0 E - 0 1 0 . 4 B 4 3 E - 0 1 0 . 4 8 5 3 E - 0 1 0 . 4 P 6 6 F - 0 1 O . 4 H 7 7 E - 0 1
15 CN 0 . 4 1 3 9 E - 1 3 0 . 6 2 A 6 E - 1 3 0 . 8 9 6 8 E - l - ^ 0 .  1 4 5 2 E - 1 2 0 . 2 6 1 4 F - 1 2
16 C2H 0 . 1 3 2 2 E - 1 4 0 . 2 1 9 8 E -  14 0 .  34 0 I E - I  4 0 . 6 0 7 3 F - I 4 Ü . 1 2 4 7 F - 1 3
17 C3H 0 . 6 7 4 8 E - 1 6 0 , 1 1 7 1 E - I 5 0 .  1 8 P 4 F - I 5 0 . 3 5 2 2 E - 1 5 0 .  7 7 0 5 F - 15
18 C4H 0 . 1 6 0 7 F - 1 9 0 . 3 1 4 9 E - 1 9 0 .  56 82 E-1  9 0 .  1 2 0 B E -  18 0 . 3  1 7 7 F - 1 8
19 C3 0 . 7 8 3 6 E - 2 5 0 . 1 7 7 7 E - 2 4 0 . 3 7 0 4 E - 2 4 0 . 9 1 8 2 F - 2 4 0 .  303 2 E - 2 3
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TABLE B-4. Listing of ABLATIN2 Program
■ÎNnFPTH RFSPONSF HF AN ABLATI VE COMPOSITE  
N ON - E OU I LT R R I U M FLOW ANALYSI S  
ALBL ATI N2  SYSTEM
REAL*B 7 ? ?
COMMON/KA/ Sl  ( 6» , S2 ( 6 ) , SR ( 6 ) » SA ( ft ) ♦ S5 ( 6 ) , A i l  ( 6 1 , A 2 2 ( 6 I ,
1 A 3 3 ( f t ) , A 4 4 ( f t ) , A 5 f t ( f t )  t F I ( 3 0 ) , F 1 1 1 3 0 ï , G I ( 3 0 ) ,
2 G I I ( 3f » , A A ( 3 0 , 6 ) , S 6 ( f t I , A 6 6 ( 6 ) , JCOOE( 6 ) , CP MX l  
COMMON/ K R / A T ( 3 n ) , p i ( 3 n ) , c I ( 3 C ) , 0 I ( 3 0 ) , E I ( 3 0 ) , A I ! ( 3 0  ) ,
1 B I I ( 3 r ) , c i I ( 3 0 ) , n i I ( 3 ^ ) , F I I ( 3 0 ) , T L n W ( 3 0 )
COMMON/KC/TCODFf  3 0 ) , Y ( 3 ^ ) , F W ( 3 0 )
C O M M O N / K C C / S P C I F 1 ( 3 0 ) , S P C ! F 2 ( 3 n ) , T A B l F ( 3 0 0 , 2 6 ) , Z , INDPT  
COMMON/KE/ XTKF(  1 0 0 )  ,70MO,A( l O r  ) , FK ( 1 OO ) , S ! G< 100  )
COMMON/ K F F / P L , R P , TZ ERO, E P S , KEY, NC, NS, MM,NO 
C O M M ON / K F / r P S , C n O , O C D O , J C H A P , T C
COMMON/ K l  / K . N , K7 , D T C ,RE AC2 , W, K MAX , AVGFW, N , 72 , OFLZ , H 
COMMON/ K J / o r  L TK ,TVAR 
COMMON/ KK/ WTOTAL, RHOÎ I  
COMMON/KM/XMOI ( 3 " )
COMMON/KO/Z22
DI MENSI ON T K  3 0 0 )  , Z X { 4 1 ) , Z Y ( 4 î ) , T P ( 4 1 ) , P f 4 1 ) , W F L l ) X ( 4 l ) ,
1 TT( 2 1 )  , VCOMPI ^ 0 , 4 1  ) , P R 0 n ( 2 1  ) , P R 0 D C P ( ? 1  ) , C . P ( 3 0 ) »
? P POOR I 2 1 )  , C O N O (30 ) , r V ( 3 O ) , V I S ( 3 O ) , Y I ( 3 0 ) , Z l ( 3 0 r  ) ,
3 T 0 K ( 3 r n ) , C H A R n N ( 3 ^ r ;
nnORLE P R E CI S I O N  7 Z , H 1 1 , Z L L , T T T T , D T C C , R F A C 1 , C P R 1 , C P R 2  
F ( A ) =+GROOP*A 
G ( A ) = A
OEI. TFF-=CMA NCF T''l ’'F FOR AN TNCREMFNT OF CHANGE I N H ( F F F T )




















































W I = 1.11 ABl  2 3F
c APL ? 36
c RR=GAS C O N S T A M T d . 9 R 7 ? 6 R T U / ( L R - M O L E  DR) ABL 2 37
c T7rRn=REFERFNCE TEMPERATURE ABL2 3B
c TFMA V = MAX[MUM AlLOWABl.E TEMPERATURE EUR T H I S  MOUEL ( OE) ABL? 39
c ABL ? 40
R R = 1 . 9R7?6 ABL 2 41
T 7 E R 0 = 7 9 R . 1 RQ APL 2 4?
c ABL 2 4?
c H S I M P I = S T M P S O N ' S  RULE INCREMENT S I Z E ( E T )  USED ABL 2 44
c I N  THE SOLUTION OE THE MOMENTUM EQUATION ABL ? 45
F R 2 = 7 7 8 . l f t / 3 2 . ? A8L2 46
c ABL2 4 7
c ABL 2 48
c NC=NO.  OE GAS S PECI ES ARL2 4 9
c NNS=NO,  OF L l O U i n  OR SOLID SPECIES ABL2 50
c NS=NC+NNS( TOTAL NUMBER OE S P E C I E S ) ABL? 51
c MM=NO. or  ELEMENTS ABL ? 52
c KODE= 1 CONDl/C TT VT TV OE CHAR WITH GAS I N  POPES ABl 2 53
c INDPT=' ' .  c o m p u t a t i o n s  START AT THE BACK SURFACE OF THE CHAP ABL? 54
c I NDPT=1  COMPUTATIONS START AT THE V I R G I N  MATERIAL ABL? 55
c PL=PRESSURE AT Z = L ( L R / E T 2 ) ARL2 56
c DELTK=TEMPFRATURF INCREMENT ABL 2 57
c Tn=TrMPFRATUPF AT 7=*' ABL2 58
r. EP S=P^ROSI TY ABL? 59
r 7L=ABLAT0R T H I f H K NES S ( I N  FEET) ABL? 6f
r. H I = T N I T I A L  RUNGF-KUTTA TMC.REMFNT S I 7 E ( F T )  I.ISFO ABL 2 61
c I N  THE SOLUTION OF THF ENERGY EQUATI ON. ABL2 62
c ALPHA=VISCOUS C O E E E I C I F N T  I N  DARCY’ S F Q U A T I ON ( 1 / F T ) ABL 2 63
c B E T A = Î N F P T Î AL C O F F E I C I E N T  I N  DARCY'S E Q U A T I O N ! 1 / F T 2 ) APL 2 64
c SIGMA = STFPHAN-pnLTZMAN CONSTANT I " .4RI X I ^ - 1 2  RTU/FT2 -SFC-0 FA) ABL ? 65
c EMIS=CHAR FMI  SI V I T Y . ABL? 66
r QFl U X I = I N I  TTAL RACK SI IRFACF HEAT FLUX. APL ? 67























r. 0VAX=MAXIMUM r a c k  s u r f a c e  h e a t  f l u x . ABL 2 60
r TCHAR = RACK SURFACE TFMPFRATURF flF CHAR ABL? 70
r. ABL? 71
c ABL? 7?
F R = 0 , 1 6 6 6 6 6 7 ABL 2 73
r. ABL? 74
c ABL ? 7S
r.-------— R PAO INPUT PARAMFTFRS ABL? 76
r. ABL? 77
c ABL ? 78
r. ABL 2 70
m R F A D l l , N n , N N S , MM,KODF,K E Y , INDPT,TFMAX ABL ? 80
11 FORMAT!6 1 6 , F i n . 1 J ABL? R1
READ 1 2 , P L , T O , E P S , Z L , HI ABL ? R?
12 F 0 R M A T ( F 1 0 . 3 , i n x , 4 F î 0 . 3 1 ABL ? 83
RF AD2 1 , ALPH A, BE TA ,S IDMA,EMI S ABL? R4
RFADT3,DTC,TCHAP,VR ABL ? R5
13 F O RM AT! 7E 10 . 3 ) ABL 7 R6
NN = NC ABL ? A7
NS=NC + NNS ABL? RR
NO=NS ABL? RP
r. ABL? on
c ABL ? P)
r ABL ? P?
r S I . . . S 6 ! APPLY BETWEEN 1 0 ^ 6 - 6 0 - 0  OK) ABL ? P3
c A l l . . . A 6 6 !A P P l Y  RFTWEEN OK) ABL ? P4
r. J C n D F ! J ) = T  THF REFERENCE ELEMENT IS IN THE GAS STATE. ABl ?
c JCOOE! J1=1 THF REFERENCE ELEMENT ÎS IN THE SOLID STATF. ABL? 96
c A I . . .  F I ! HFAT CAPACITY CONSTANTS . . .  1 0 0 0 - 6000 OK) ABL? 97
c F I , G I ! N F F 0 E D  TO CALCULATF THE ENTHALPY, ENTROPY ABL ? PR
r AND ERE F EN F R G Y . . . . l OKI ABL ? po
c A I I . . . G I I ! 3 ' T O - 1 0 - 0  OK) ABl 2 I  or
r AA = EORMULA NUMBFR. CIVES THF ATOMS OF E L F MF NT J ABL ? l ^ l






















c TL'1W( î  ) =MINTMIJM TFMPFPATIJRE AT WHICH THE HI GH TEYPPP ATUPF ARL 2 IPO
c F I T  I S A P P l I C A R L E . ARl ? 1 P4
r. PWI I I=Mni .ECULAR WEIGHT OF «SPFCIF I . ABL ? 1 PS
c Y I I  T ) = I N I T I  AL MOLF FRACTION OF SPE CI F  I . ABl ? I D 6
r Y T( T ) = MOLE FRACTI ON OF SPECI F  I . ABL 2 1 0 7
c SPC IF  I  AND SPC I F ?  ARF THF SPEC TFS I D E N T I F I C A T I O N ABL 2 1 d r
r I C O D F I I ) = n  SPECI F  I S  A GAS ARL? 1 Dq
c I C n n E I 11=1  SPECIE I S  A SOLID ABL? I  ID
r, ARL ? 111
c ABL? 112
c ABL 2 1 1 3
r ABL? 1 1 4
c — — READ EMPI RI CAL  CONSTANTS TO CALCULATE THE SENSI BLE ABL? 1 1 *̂
c ENTHALPY CHANGF OF THE CONSTITUENT FLFMFNTS. ABL? 1 16
r ABL 2 1 17
C - ABL? I I P
DO q J = l , M M ABL? I I D
READ i a , S l ( J ) , S ? ( J ) , S 3 ( J ) , S 4 ( J ) , S S ( J ) , S A ( J ) , J C n n F ( J ) ABL? l ? c
PFAD i a , A l l ( J ) , A ? ? ( J ) , A 3  3 ( J ) , A 4 4 ( J ) » A S 5 ( J | , A 4 6 ( J 1 ABL? 121
o CONTINUE ABL? 1 22
D 0 1 S I = 1 , N S ABl ? 123
READ 1 4 , T L 0 W (  I  ) , F W m  t Y I  ( I )  , SPC I F I  ( I )  ♦SPC1F2 ( I )  , I CO D F I  I » ABL? 124
1 6 FORMAT! l O X , 3 E 1 0 . 3 , ? X , 2 A 3 , 14» ARL? 12S
r ARL? 126
r ARL 2 1 2 7
c — — READ EMPI RI CAL CONSTANTS TO CALCULATE THE HEAT ABL? 1 2A
c CAPACI TY  OF THE SOLID PLUS TWO ADDI T I ONAL CONSTANTS ABl ? i ? q
c TO CALCULATE THF FNTHALPY, THE CNTROPV AND THE FREE ARL? 1 3D
c ENERGY OF THE SYSTEM ABL? 131
r. ABL 2 13?
c ABL? 133
R F A O I T , A I ( I » , R I ( I ) , C I ( I ) , D I ( I ) , F I ( I ) , F I ( I » , G I ! I » ABL ? 134
P F A O l A, A I I !  I  ) , R I  I ( I ) , C I  I ( I » t O I I ( I ) , F I  I ( I ) , F I  I ( Î  » » G I I ( I ) ABL ? 1 3S























r ARL2 1 3 7
1 5 R F M 1 7 ,  ( AA( T , J )  , J = 1 , MM ) ARL? 1 38
c ABL ? 1 30
c ABL 2 140
r ABL? 141
c FK=P0T'^NTI  AL PAPAMFTER/ROL TZMAN CONSTANT, ABL? 1 42
c S I G- Cn i .LT  SI OM Dî  AME TFP(  ANGSTRONG U N I T S ) . ABL ? 1 43
c THESE CONSTANTS ARE USFP TO DETERMINE THE ABL2 1 44
r V I SCOCTTY AND THERMAL C O N D U C T I V I T Y  OF THE ABL ? 1 45
c REACTING GAS MI XT U R E . ABL2 1 46
c NDA rA = NO.  OF XTKE VS.  ZOMGA DATA POINTS ABL? 1 4 7
c XTKF=PR0DUCT OF TEMPERATURE AND I / E K  VALUE APL 2 1 4 8
r. ZOMGA^COLLISION INTEGRAL TABULATED VS XTKE ABL ? 1 4 0
c ABL ? 1 50
r. ABL ? 1 51
r. ARL 2 152
R E A D 1 6 t ( FK( n  t S I G ( I  ) t l = l  tNC) ABL 2 1 53
16 F O R M A T ! 2 F 1 5 . S ) ABL ? 154
RE AD11 , NDATA ABL ? 155
R E A D ! 7 , ( X T K E ! I ) , Z O M G A ! I ) , 1 = 1 ,NDATA) ABL ? 156
17 F O R M A T ! 2 F I F . 8 ) ABL? 1 5 7
18 F O R M A T ! 6 F 1 ^ . 4 , T ? ) ABL? 158
21 F OR M A T !0F 1S . 8 , F I S . 5 ) ABL? 150
r ABL ? 1 60
c ABL ? 161
c ------- - - I N I T I A L I Z A T I O N  OF PARAMETERS ABL? 16?
c ABL ? 163
c ABL ? 1 64
r N=C HUNTER OF PtlNGE KUTTA STEPS ABL ? 1 65
N = 1 ABL? 166
K 7= 1 ABL 2 1 67
r K7:=l !  CALL SUBPROGRAM I NPUT ) K7 = 2 ! BYPASS SUBPROGRAM ABL ? 168
r. I N P U T ) ABL ? 1 60


























c T O = I N I T ! A L  TFMPFRATURF OF BACK SURFACF( 0F1 ABL 2 1 71c I T  I S  A S R F r i r i F D  BOUNDARY C O N D I T I O N . ABL? I T ?c TC=lNSTANTANEOÜS TEMPERATURE OF THF S YS T F M I OF ) APL 2 173
K l = l ABL? 1 74c K1==GTVES THE TOTAL NUMBFR OF DATA POINTS STOPFD. ABL2 1 7 5c SHOULD MOT EXCEED THE D I MENSI ON OF V A R I A B L F S . ABL? 1 76c ABL? 1 77
ABL? 17B
NNS=NN4+NNS ABL? 1 70c AB! ? 1 8 0c ABL? 181c NNS G I VF S  THE NUMBFR OF VARI ABLFS STORED IN T A R I F ( I , J ) . ABL? 1 8?c THE F I R S T  FOUR VARI ABLES A R E . . . ABL? 1 83c 1) THc TEMPERATURE! I N  OK) ABL ? 1 84c ?) THE HE AT ABSORBED BY R E A C T I ONS( B T U / F T ? - S F C ) ABL? 1 85c T) THF AVERAGE MOLECULAR WEIGHT ABL? 186c 4)  THF MASS F L U X ( L R S / E T 2 - S F C » ABL? 1 8 7c 5 )  THE REST OF THF VARIABLES ARF THF MOIE ABL? 1 88c FR A C T I ON S.  FOR THF S O L I D S ,  THE TERM STORED A P I ? 1 89c IS  THE RATI O OF MOLES OF SOLI D TO MOLE OE ABL? 19Dc GASES. ABL? 191c ABL ? 19?c ABL 2 193c ABL? 1Q4r.-------- CONVERT I ' l T T i A l  COMPOSIT I ON OF THE GASES TO MOL F ABL ? 1 9 5c FRACTION AND CALCUlATF THE P AT I O  OF THE MOIFS OF ABL ? 196c EACH SOLID SPF CI F  PER M0| F OF THE GAS M I X T U R E .  T H I S ARL? 1 9 7c. IS  DONE IN CASE THE Y U  I ) I S  PFAD I N  AS M OI FS . ABL ? 198
c ABL 2 1 99c 7L== THICKNESS OF CHAR I N  INCHES ARl ? ?or
Z l - = 7 L / 1  2 . ABl 2 ? n i
7 1MC = 7L/^' 'R. API  ? ?D?
Z I N C = Z T N C / f , ARL ? ?'>3
IFi( VR . G E .  I . F - ? )  7 I N C = 7 I N C / 2 . ABl  ? 2 0 4
C7N
462
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AVG«=W=.\VGF W+Y( T ) »FW( I ) API 2 2 3 0
31 CONTINUA ABL 2 2 AFI
C W=MASS F L U X ( L R S - F T 2 / S F C ) ABL 2 241
W=WI ABL2 2 42
7 = 0 . ABL 2 24?
C 7 =DI STA NCF TN FFFT ABL 2 2 4 4
72 = 0 . ABL 2 2 4 5
7 22=7 2 ABl 2 2 46
T V A R = ( T C + 4 5 q . 6 9 ) / l . 8 ABL 2 2 4 7
C TVAR=TFHPERATURE I N  OK, ARL? 2 4 8
77 = 0 . ABL2 2 4 9
7 LL=ZL ARL? 2 5C
P R I N T  5 1 » 7 L L ARL 2 251
51 FORMAT( l X , * 7 L L = * 0 ? 0 . 9 1 ARL ? 2 5 2
C ABL 2 2 5?
C ARL2 2 5 4
c ABL? 2 5 5
c ARL2 2 56
c ---- - I N OE P T H  RFSPONSE OF ARlATT VF COMPOSITES. APL? 2 5 7
c FOR RACK SURFACE TEMPERATURE AND HEAT ABl 2 25P
c FLUX S P E C I F I F O .  THE EQUATION OE ENERGY APL? 2 59r. I S  A SECOND ORDER,  N O N - l I N E A R ,  ORDINARY DI FFERENTI AL ABL? 2 6 0
c EQUATION WITH VARI ABLE C O E F F I C I E N T S . APL? 261
r. ABl  2 262
c THE NUMFRICAl .  TFHCNIQUE USED IS A 4TH ORDER ABl ? 26?
c VARIABLE STEP RUNGF-KUTTA A N A L Y S I S . ARL? 2 64
c APL 2 2 6 5
c ABL? 7 6 6
c rCHAR=TFMPFPATORE AT WHICH ALL OF THE V I R G I N ARl ? 2 6 7
c MATERIAL HAS DECOMPOSED. APL? 26P
c APL 2 2 6 9
nFl . 7=H API 2 2 7 0
H 1 1 =H APL 2 271
























CALL Î N O P T H ( T C , C n 0 V » D C 0 a V , G A S r P , Q , C P V » R H n , T V A R , O E L T K , ABL 2 2 7 4
1 N , D E L Z , V R , W , H ) ABl 2 2 7 5
H1 1=H ARL? 2 7 6
DEL7.=H ARl  2 2 7 7
c ABL ? 27R
c CnOV=THERMAL C O ND U C T I V I T Y  OF V I R G I N  MATERI AL! ABL ? ?70
c R T U / ( F T - S E C - n F ) ABL 2 ? RP
c DCDnV=THF D F P I VAT T VE OF CDOV WITH TEMPERATÜRF( R T U / ( F T - ?EC ) l ARL 2 ?81
c GASCP=HFAT CAPACI TY  OF M I XTURF( B T U / L B - O F » ABL? ?B?
c Q=HEAT ABSORBED BY DEPOLYMER I ZAT ION OF THE ARL2 2 81c V I R G I N  PLASTI C C O M P O S I T E ! B T U / F T 3 - S E C ) ABL ? 2 84
c CPV=HEAT CAPACI TY  OF V I R G I N  C O M P O S I T F ! B T U / L B - O F ) ABL ? 2 8 5
c RHO=DENSITY OF V I R G I N  COMPOSITF ABl ? 2 86
c DELTK=TEMPFRATURE DI FFERENCE I N  OK FOR A DISTANCE H. ABl ? 2 8 7
c N=NUMBER OF I NTEGRATI ON STEPS ABL? 2 8 8
c DELZ=I NCREMFNT OF O I S T A N C E I F T I ARL? 2 89
c VR = SURFACE RECESSION V F L O C I T Y ( F T / S E C  » ABl ? 290c W=MASS F I U X ! L R S / F T ? - S F C I ABL? 291c H=RUNGE-KUTTA ÎNTFGRAT1QN STFP S I Z F I F T ) ABL? 29?c DTC=QFLUX/CDOV ARL? 2 91c ABL 2 2 9 4
WI =W ABL 2 2 9 5
OTCI=DTC ABl 2 2 9 6
Q c z i = c n o v * n T c ARl 2 2 9 7
P R I N T  n 90,DC 7 I ABL? 2 9 8
F O R M A T ! I X , ' Q C 7 = * F 1 S . S ) ARL 2 2 9 0c ABL 2 3 0 ^
r ARL? 391
c -------- - C A I C U L A T F  THE HE AT CAPACITY OF THE PYROLYSIS GASFS ABl 2 30?
r ABL ? 301
r ARl  2 304
CALL CPMIX(TVAP,NN,CPMX) ARL? 3^5



















G 0 T n i l 3 ARL 2 T(07
c ARL 2 30P
CALL CHARPR ARL 2 3 0 9
c ABl 2 310
c --------- - T H I S  SURRHUTINF CALCULATFS THF T H F R M O - P H Y S I f AL APL2 311
c PROPF RTI FS  TN THF CHAR APL2 312
c ARl 2 31 ?
DEL7=H ARL2 3 1 4
7 1( I  ) = 0 . ARL 2 3 1 5
T K  l ) = T n ABL 2 3 1 6
r)TC = QFLUXI  / c n n ARL ? 3 1 7
P R I N T  3 6 , COO ABl 2 3 1 8
36 FORM AT( I X , * c n n =  » F1 5 . 6 ) ABL 2 3 1 9
d t c i = d t c ABL 2 3 2 0
G 0 T a t 0 3 ABL 2 321
i ' ,n TVAR=(  TC + 4 5 9 . 6 9 )  / 1 . 8 ARl 2 3 22
c ABL 2 3 23
c ABL2 3 2 4
T F ( T V A R , G T . T C H A P I G H T O i n ? ARL 2 3 2 5
r ABL 2 3 2 6
r ARL? 3 2 7
c -------- - CALCULATF THF PHYSI CO- C HEMI CAL  PROPERTIES AND OF^C.RIRF ABL 2 3 2 8
c THE DFCQMPOSI T ION OF THF V I R G I N  MATER TAL ( / S I NG I ND P T H . ABL ? 329
c ABL2 3 3 0
c ARL2 331
CALL I N D P T H I T C , C D n V , D C D O V , G A S C P , 0 , C P V , P H D , T V A R , D F L T K , ABL 2 332
I N , D F L 7 , V P , W , H ) ABL? 3 3 3
c APL 2 3 3 4
r F OR EXPLANATION OF THE VARIABLES I N THF ARGUMENT SEE ABL 2 3 3 5
c PREVIOUS CALL I NDPTH STATEMENT, ABL2 3 36
c ABL? 3 3 7
H 1 I  = H ARL? B3R
WI=W APL 2 3 3 9
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AA(I/J); Formula number. Gives the gram atoms of 
element J in species I.
AI...GI; These are the seven empirical constants for 
the high temperature fit (1000°-6000°K) for the free energy 
functions. The first five constants (AI through El) are 
used in the heat capacity fit.
All...GII: These are the seven empirical constants for
the low temperature fit (300°K-1000°K) for the free energy 
function.
All...A66: These are the six empirical constants for
the enthalpy fit of the constituent elements (300°K-1000°K).
ALPHA: Viscous coefficient in Darcy's equation
(FT-1) .
AVGFW: Average molecular weight of the gas mixture.
BETA: Inertial coefficient in Darcy's equations
(1/Ft2).
CDO: Thermal conductivity of the char (BTU/FT-sec-°F).
CDOV; Thermal conductivity of the virgin material,
(BTU/FT-sec-°F).
CPBl: Total rate of heat absorbed by the gases in the
2char zone. (BTU/FT sec).
CPB2: Total rate of heat absorbed by the solids in
the char zone. (BTU/FT^sec).
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CPS ; Heat capacity of the char (BTU/lb“°F).
CPV: Heat capacity of the virgin material (BTU/lb-°F).
DODO; Rate of change of the thermal conductivity of 
the char with temperature, (BTU/FT-sec-°r2).
DCDQV; Rate of change of the thermal conductivity of 
the virgin material with temperature. (BTU/FT-sec-°F^).
DELTF; Differential change in temperature in °F for an 
increment of distance H.
DELTK; Differential change in temperature in for an 
increment of distance H,
DELTP; Pressure drop across the char. (lbs./ft ).
DELZ; Increment of distance (in feet).
DISTAN; Char thickness in feet.
DT; Temperature gradient (°F/FT).
DTC; Temperature gradient in the char (°F/FT).
DTCC; Temperature gradient in double precision arith­
metic in the char (°F/FT).
DTCI: Temperature gradient in the virgin material
(Of/f t) .
EK: Potential parameter /Boltzman constant.
EMIS; Char emissivity.
EPS: Porosity of the char (FT^ voids/FT^ total).
FW(I): Molecular weight of species I.
GASCP: Is the heat capacity of the gas mixture in
(BTU/lb-°F).
GROUP : This is the bracketted term of Equation (3-36).
(1/FT).
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H: Runge-Kutta step size (in feet).
Ell: Runge-Kutta step size in double precision arith­
metic (in feet).
HCHAR: Percent of total heat absorbed in the char
zone.
HDSCOM: Percent of total heat absorbed in the decompo­
sition zone.
EGAS : Percent of heat absorbed by the gas in the char
zone.
El: Initial value of Runge-Kutta step (in feet).
EREACT: Percent of heat absorbed by the reactions in
the char zone.
SSOLID: Percent of heat absorbed in the solids in the
char zone.
ICODE(I): Is a code to identify whether a species is a
gas or a solid. If ICODE is zero, the species is a gas. If 
ICODE is one, the species is a solid.
IMAX: Number of data points for EK.
ITEMP: Total number of temperature points stored in
temperature profile.
JCODE(J): Is a code used to determine whether the re­
ference state of the constituent element J is in the gas or 
in the solid state.
JS: Total number of slices in which the char is
divided for the solution of the momentum equation.
Kl: Is a counter for the number of temperature points
stored during the solution of the energy equation.
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MM; Is the number of elements.
NC: Number of gas species read in.
NDATA; Number of collision integral points tabulated 
versus XTKE.
NN: Number of gas species in the system.
NN5: Is the total number of variables stored in TABLE
(I/J).
NNS: Is the number of solid species in the system.
NQ: Is the total number of gas and solid species in
the system.
NS: Is the total number of gas and solid species read
in.
OMGA: Interpolated value of XTKE.
2P: Pressure in lbs/ft .
PL: Pressure at the front surface of the char (lbs/
ftZ) .
Q; Is the rate of heat absorbed in the decomposition 
zone in (BTU/ft^sec).
Q2: It equals Q/DTC (BTU/FT^-sec-°F).
QA: Aerodynamic heating rate (BTU/FT^-sec). Equals
QL+QR.
QCZ: Heat flux in the char zone (BTU/ft^-sec).
QCZI: Heat flux in the decomposition zone (BTU/ft^sec)
QL: Is the total heat flux at the surface (BTU/ft^sec)
QR; Is the rate of re-radiation from the surface of 
the char (BTU/ft^-sec).
REACl: Is the total rate of heat absorbed by the che-
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mical reactions. (BTU/ft^-sec).
REAC2: Heat absorbed by the chemical reactions
(BTU/ft^-sec).
REACT; Equals REAC2/DTC (BTU/ft^-sec-^F).
RHO: Bulk density of the virgin material (lbs/ft^).
ROCHAR: Bulk density of the char material (lbs/ft^).
RR: Gas constant: 1.98726 (BTU/lb-iaole °R) .
SI...36: These are six empirical constants for the
enthalpy fit of the constituent elements (1000°K~6000°K).
SIG: Collision diameter (Angstrongs).
SIGKA: Stephan-Boltziran constant (4.81 x 10”"^ BTU/
ft^-sec-°p4).
T1(Kl): Variable in which the temperature profile is
stored versus distance Z. Kl is a counter.
TC: Temperature in °P.
TCHAR: Temperature at which all the virgin material
has degraded to gas and char (®K).
TFMAX; Maximum specified temperature of the front 
surface of the char (°F).
THICK: Is the thickness of the char zone, in inches.
THICKl: Is the thickness of the decomposition zone in
inches.
TK: Interpolated value of the temperature (in°K) at
a distance Z in the char.
TL: Front surface temperature of the char (°F) when
the temperature profile has been defined.
TLOW(I): Maximum temperature of low temperature fit
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for species I. (°K)
TO; Initial temperature (in °F) at Z=0.
TPREV; Temperature (in °F) at the previous step.
TTTT; This is the temperature (in °F) in double pre­
cision arithmetic. A provision has been made in the program 
that if the step size is less than 8. x 10""̂  ft., the 
Runge^Kutta analysis is calculated in double precision arith­
metic to reduce round-off error.
TVAR; Temperature in K.
TVIS; Interpolated value of the temperature profile 
(in °F) at a distance Z along the char.
VISCOS; Viscosity of the gas (in centipoise).
VR; Surface recession velocity (ft/sec).
2W; Mass flux based on the total area (lbs/ft -sec).
WI; Mass flux of the gases entering the char based 
on the total area (Ibs/ft^-sec).
XTKE; Product of the temperature in °K and 1/EK.
YCOMP(I,J); Array to store the concentration profile.
Y (I); Mole fraction of species I.
YI(I); Initial mole fraction of species I.
Distance along the decomposition zone or the char 
zone (ft).
ZINC; Increment of distance at which the temperature 
profile is stored (ft).
ZMAX; Maximum allowable thickness of the char zone. 
(Usually 0.25 inches).
ZZ; Distance of Z in double precision arithmetic (ft).
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INDPTH;
This subroutine calculates the physical properties of 
the virgin material and the pyrolysis gases.
A...E: These are five empirical constants for the
heat capacity of the virgin material,
DELTKK; Increment of temperature (°K).
This subroutine computes the heat absorbed by the de­
composition of the phenolic resin and phenolic microballoons,
AREA; This is the area generated by a plot of calories 
versus temperature (°K) by the decomposition of phenolic 
resin during a differential thermal analysis. (1350 cal/
°K) .
AREAl: This is the area generated by a plot of calo­
ries versus temperature (°K), by the decomposition of 
phenolic microballoons during a differential thermal analy­
sis. (1464 calories / °K).
A(I)...E(I); These are five empirical constants used 
to fit a curve through a portion of the plot of calories
versus temperature for the phenolic resin.
A1(I)...El(I): These are five empirical constants used
to fit a curve through a portion of the plot of calories
versus temperature for the phenolic microballoons.
DT: Is the temperature difference in °K from a base
temperature of 350 °C 9623®K). Below 350°C, decomposition 
of the virgin material has not been initiated.
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PELT: Is the temperature increment (°K) for an incre­
ment of the Runge-Kutta step.
H: Is the height (in calories) for the plot of
calories versus temperature (°K).
K6; Is a code used to bypass the read statements.
When K6 is one, the data is read in. When K6 is two, the 
read statements are bypassed.
NUMBER; Is the number of fits used for the plots of 
calories versus temperature.
QMICRO: Heat absorbed by the decomposition of the
phenolic microballoons (calories/gram).
QPHNLC: Heat absorbed by the decomposition of the
phenolic resin (calories/gram).
NYLON:
This subroutine calculates the heat absorbed by the 
decomposition of nylon.
AREA: This is the area generated by a plot of calo­
ries versus temperature (°K) for the decomposition of nylon 
(1122 calories / ®K) during a differential thermal analysis.
QNYLON: Heat absorbed by the decomposition of nylon
(calories/gram).
DNSITY:
This subroutine calculates the density change of phe­
nolic nylon and the mass flux of the pyrolysis gas.
A(J): Frequency factor of reaction J (sec"l).
COMPST: Is an integer variable giving the number of
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composite in the ablator. In the case of phenolic nylon, it 
is three.
DELFLX(I): Is the change in mass flux of composite I
due to degradation (Ibs/ft^-sec).
DRHO; Differential change in density due to degrada­
tion. This variable is used as a criteria for stability 
while the solution is marching through the decomposition 
zone (lbs/ft^).
DRHODT(I); Rate of gas generation by the degradation 
of composite I (Ibs/ft^-sec) .
E (J); Energy of activation of reaction J used to 
describe the degradation of the composite (Joules/gram­
me le) .
MASFLX(I); Rate of change of mass flux due to the
2degradation of composite I (lbs/ft -sec).
MASFRC(I): Mass fraction of each composite in the
mixture of virgin material.
NREACT; Number of pseudo-order kinetic reactions used 
to describe the decomposition of the virgin material com­
posite.
RATER(J): Specific reaction velocity of reaction J 
(Ibs/ft^-sec).
RHO; Bulk density of the composite (lbs/ft^).
RHOC(I): Residual density of composite I (lbs/ft^).
RHOCC(I): Lowest value of residual density of compo­
site I (lbs/ft^).
RHOI(I): Initial density of composite I (lbs/ft^).
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RHOII; Initial density of the virgin composite, 
(lbs/ft^).
RHOT(I): Density of composite I at temperature T,
(lbs/ft3).
VQLFRC(I); Volume fraction of each composite I. 
CEARPR;
This subroutine calculates the effective thermal con­
ductivity and the heat capacity of the char.
T; Temperature in °R.
INTRPL;
This program performs Lagrangian interpolation with 
non-equal step size between points.
F: Dependent variable array.
IMAX: Number of points in array.
SOM; Value of the interpolated dependent variable. 
VAR: Value of X for which corresponding value of F 
is derived by interpolation.
X; Independent variable array.
THERM2:
This subroutine calculates the heat of formation of 
each chemical species, the heat capacity of the mixture and 
the heat absorbed by chemical reactions.
CPDTl: Is the sensible enthalpy gain by the consti­
tuent elements from a reference temperature of 298.16°K 
(cal/gram-mole).
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CPMX: Heat capacity of the gas mixture (calories/
ogram-raole K) .
ENTl(I); Enthalpy of species I (caloreis/gram-mole). 
ENT(I); Heat of formation of species I (cal/gram-mole). 
HEATl; Rate of heat generated, or absorbed, by the 
chemical reactions (calories/cm^-sec).
KINET:
This program computes the rate of reaction of each che­
mical species.
AEF(J): Activation energy of reaction J (calories/
gram-raole).
AF(J); Frequency factor of reaction J (sec”^
DELZZ; Runge-Kutta step size (cm.).
DLFLÜX(I): Differential change in racial flux due to
the chemical reaction of species I. This variable is used
for the purpose of controlling the step size (gram-raole/ 
cm^-sec).
FK(J); Forward reaction rate constant of reaction J.
FLUXMA(I): Mass flux of each chemical species I (gra/
2cm -sec).
FLUXMO(I): Molal flux of each chemical species I,
(gram/moles/cm^-sec).
HEAT; Rate of heat generated or absorbed by the che­
mical reactions (BTU/ft^-sec).
K2: Is a counter to keep track of the number of tem­
perature points stored in Table (I,J).
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K7: When K7 is one, initialization occurs and sub­
routine INOUT is called. When it is 2, this is bypassed.
KOS; Total number of variables stored in the Table 
(I,J) array.
KSP; Number of gas components in the chemical system.
KSPl; Number of gas and solid species in the chemical 
system.
NPEXd, J) : Power on the concentration of product I
in reaction J.
NREX(I,J): Power on the concentration of reactant I
in reaction J.
P: Pressure of the system in atmosphere.
PERCE(J); Mole percent of specie J.
PSC(I/J); Stochiometric coefficient of the product I 
in reaction J.
R: Gas constant (82.06 cm^-atm/gram-mole °K).
RATE(J); Rate of formation of species I (gram-moles/ 
cm^-sec).
RATER(J); Specific reaction velocity of reaction J ,  
(grara-moles/cm^-sec).
RK(J); Reverse reaction rate constant of reaction J.
RR; Gas constant (1.98726 calories/gram-mole °K).
SF(J): Power on the temperature of the Arrhenius type 
kinetic expression.
SPCIEl(J): Species identification name.
T: Temperature (°K).
TABLE(I/J): Is an array where I represents the number
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of variables stored and J the number of temperature points. 
The variables stored are in the following order: T, HEAT,
WMEW, AVGFW and KSPl values of Yl(I).
TESSr Is the absolute maximum value of DLFLUX(I).
This variable is used in controlling the step size for sta­
bility.
TF: Temperature (°F).
TPREV: Is the previous value of the temperature (°K).
WNEW; Total mass flux of the gases (Ibs/ft^-sec).
XMV (I): Molecular weight of species I.
Yl(I): Mole fraction of species I.
IHPUTl:
This subroutine reads in the kinetic data.
AK(J): Empirical constant for the fit of the equili­
brium constant with temperature,
3K(J): Empirical constant for the fit of the equili­
brium constant with temperature,
EKMAX(J); Maximum allowable value for the equilibrium 
constant of reaction J.
EKMIN(J); Minimum allowable value for the equilibrium 
constant of reaction J.
NCOEF(J): Is the sum of the stochiometric coefficient
of the products minus the reactants.
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INPUT FORMAT; A Typical Input For Non-Equilibrium Flow*
CARD 1; FORMAT (616, FlO.l) COLUMNS
NC = 18 1-6
NNS = 1 7-12
MM = 4 13—18
KODE = 1 19-24
KEY = 3 25-30
INDPT = 0 31-36
TFMAX = 5500 37-46
CARD 2; FORMAT (F10.3, 10 x, 4F10.3)
PL = 2160 1-10
TO = 500 21-30
EPS = .30 31-40
ZL = .350000 41-50
HI = .0000001 51-60
CARD 3; FORMAT (3E15.5, F15.5)
ALPHA = .5E9 1-15
BETA = .5E5 16-30
SIGMA = .48E-12 31-45
EMIS = .90 46-60
*See Table B-2 for the complete Input data set.
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CARD 4; FORMAT (4E10.3) COLUMNS
DTC = 3000 1-10
TCHAR = 1073 11-20
VT = 5.E-4 21-30
CARD 5; FORMAT (6E10.3,I3)
51(1) = 1.363250E0 1-10
32(1) = 1.85605E-3 11-20
83(1) = -7.6675E-7 21-30
54(1) = .151043E-9 31-40
55(1) = -1.139E-14 41-50
56(1) = -6.49672E2 51-60
JCODE(l) = 1 61-63
CARD 6; FORMAT (6E10.3)
All(l) = -.712442E0 1-10
A22(l) = 7.34065E-3 11-20
A33(l) = -5.526E-6 21-30
A44(l) = 1.51400E-9 31-40
A55(l) = -2.382E-14 41-50
A66(l) = -6.80533E1 51-60
CARDS 5 and 6 are read sequentially MM times as 
specified by CARD 1. In this example MM = 4. After CARDS 
5 and 6 are read MM times, CARD 7 is read in.
CARD 7; FORMAT (lOx, 3E10.3, 2x, 2A3, 14)
TLOW(l) = 1000 11-20
FW(1) = 14.0 21-30
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YI(1) = l.OE-71 31-40
SPCIEl(1) = (Blank) 43-45
SPCIE2(1) = CHg 46-48
ICODE(l) = 0 49-52
CARD 8: FORMAT (7E10.3)
AI(l) = 2.229698E0 1-10
BI(l) = 4.71092E-3 11-20
CI(1) = -1.7660E-6 21-30
DI(l) = 3.0649E-10 31-40
EI(1) = -2.017E-14 41-50
FI(1) = 3.383295E4 51-60
GI(1) = 7.707984E0 61-70
CARD 9;
AII(l) = 3.551365E0 1-10
BII(l) = -2.5070E-3 11-20
CII(l) = 1.23550E-5 21-30
DII(l) = 1.175E-08 31-40
EII(l) = 3.8124E-12 41-50
FII(l) = 3.366105E4 51-60
GII(l) = 1.796606E0 61-70
CARD 10; FORMAT (4E10.3)
AA(1,1) = 1. 1-10
AA(1,2) = 2.0 11-20
AA(1,3) = 0.0 21-30
AA(1,4) = 0.0 31-40
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CARD 1 , CARD 8, CARD 9 and CARD 10 are read sequential­
ly as a group (NC+NNS) number of times. Only the data for 
the first species, in this case CH2 is presented. The data 
for other species is given in Table B-2.
CARD 11; FORMAT (2F15.5) COLUMNS
EK(1) = 136.5 1-15
SIG(l) = 3.822 16-30
CARD 11 is read NC number of times as specified in 
CARD 1.
CARD 12; FORMAT (16)
NDATA = 34 1-16
CARD 13; FORMAT (2F15.5)
XTKE(l) =0.30 1-15
ZOMGA(l) = 2.785 16-30
CARD 13 is repeated NDATA number of times as specified 
by CARD 12.
CARDS 1 through 13 are read in the MAIN program.
These cards define the physical condition of the system.
In addition they provide the thermodynamic data and 
physical constants for the pyrolysis species. CARDS 14 
through 19, below, provide the thermophysical information 
for the virgin material and also for the kinetic data for 
the degradation of the polymer.
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CARD 14; FORMAT (5E12.6) COLUMNS
A = 0.37000070EO 1-12
B = 0.7367133E-4 13-24
C = 0.1532518E-5 25-36
D = -.1962704E-4 37-48
E = .8857809E-12 49-60
CARD 14 is read in subroutine INDPTH.
CARD 15; FORMAT (5E12.8)
A(l) = 0.10561790E0 1-12
B(l) = -1.836062E-2 13-24
C(l) = 1.7580490E-3 25-36
D(l) = -1.678598E-5 37-48
E(l) = 4.7310570E-8 49-60
CARD 16; F0RI4AT (5E12.8)
Al(l) = -.35642660E-1 1-12
Bl(l) = 4.5790730E-2 13-24
Cl(l) = 1.2298170E-4 25-36
Dl(l) = -.8277667E-7 37-48
El(l) = -.2279748E-7 49-60
CARD 15 and CARD 16 are read sequentially four times in 
subroutine PHMCR. For a thorough explanation of the sources 
of data for the phenolic resin see Appendix C.
CARD 17; FORMAT (216)
COMPST 1-6
NREACT 7-12
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:ARD- le: FORMAT (4x, 16, 3E10.8) COLUMNS
I = 5-10
A(J) = 11-20
E {J) = 21-30
XN(I,J) = 31-40
CARD 18 is read NREACT number of times.




CARD 19 is read COMPST number of times. CARDS 17, 18 
and 19 are read in subroutine DNSITY.
CARD 20: FORMAT (12)
NEQ = 1-2
CARD 21: FORMAT (19A4)
EQN = Alphameric Reaction Expression 1-76


































CARD 24: FORMAT (E8.0, 2x, 2F10.1)
AF(1) = 1-G
SF(1) = 1 1 - 2 0
AEF(l) = 21-30
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CARDS 21,22,23,24 and 25 are read sequentially NEQ 
number of times.
In CARD 22, J = 1 through 18 corresponds respectively 
to the following species; CH2, CH3, CH^, C^Hg, C2H4, C2H2, 
C2H, Hg, H, N2, CgHgO, CgHg, NH3, CO, CO2, HgO, OH, 0, C.




















TABLE B - 5 .  L i s t i n g  o f  T y p i c a l  In p u t  D a t a  f o r  N o n - E q u il ib r iu m  A n a l y s i s
DATA 1
19 1 4 1 3 I 0 DATA 2
2 1 6 0 . 5 0 0 . . 8  0 . 3 5 0 0 0 0 0  . 0 0 0 0 0 0 0 1 5 8 2 1 , DATA 3
. 5 0 0 0 0 E 9 . 5 0 0 0 0 6 5 . 4 8 1 6 - 1 2  0 . 9 0 DATA 4
1 . 3 6 3 2 5 2 E 0 1 . 8 5 6 0 5 E - 3 - 7 . 6 6 7 5 6 - 7 . 1 5 1 0 4 3 6 - 9 - 1 . 1 3 9 E - 1 4 - 6 . 4 9 6 7 2 6 2 1 DATA 5
- . 7 1 2 4 4 2 E 0 7 . 3 4 0 6 5 E - 3 - 5 . 5 2 6 2 6 - 6 1 . 5 1 4 0 0 6 - 9 - 2 . 3 8 2  6 - 1 4 - 6 . 8 0 5 3 3  61 DATA 6
3 . 0 4 3 6 9 0 E 0 6 .  1187  I E - 4 - 7 . 3 9 9 4 6 - 9 - 2 . 0 3 3 6 - 1 1 2 . 4 5 9 4 6 - 1 5 - 8 . 5 4 9 1 0 6 2 0 DATA 7
l .OOOOOE 0 4 . OrOOEOO 0 . 0 0 0 0 6 0 0 0 . 0 0 0 0 6 0 0 DATA 8
1 0 0 0 . EC 3 0 . 0 7 0 6 0 . 0 0 3 4  C2H6 0 DATA 9
. 1 4 3 Ü 7 9 9 E 1 . 1 B 8 8 9 8 E - 1 - . 7 0 4 4 0 6 - 5 . 1 1 8 7 2 0 E - 8 - . 7 4 4 5 6 - 1 3 - . 1 1 4 3 1 1 6 5 . 1 4 0 1 3 2 1 6 2 DATA 10
. 2 8 8 2 0 3 9 E 1 . 1 0 3 2 1 9 E - 1 . 1 1 9 1 4 2 6 - 4 - . 1 4 8 3 2  6 - 7 . 4 4 7 4 9 6 - 1 1 - . 1 1 6 2 0 9 6 5 . 7 5 9 7 9 0 0 6 1 DATA 11
2.GOOOOE 0 6 . OOQOOEC 0 . 0 0 0 0 0 6 0 0 . 0 0 0 0 0 6 0 DATA 12
1 0 0 0 . EC 2 8 . 0 5 4 6 0 . 0 2 1 8  C2H4 0 DATA 13
3 . 5 0 2 3 E 00 1 .  1 5 9 6 - 0 2 - 4 . 4 7 4 5 6 —6 7 . 9 4 5 6 - 1 0 - 5 . 3 2 3 6 - 1 4  4 . 5 4 3 9 6 0 3 2 . 4 6 6 7 6 0 0 DA TA 14
I . 1 2 0 2 4 4 E O 1 . 3 9 0 6 6 - 2 2 . 6 5 6  86—6—1 . 1 5 6 0 6 - 8 5 . 2 3 8 7 6 - 1 2 5 . 3 3 2 8 8 9 6 3 1 . 5 8 3 7 8 6 1 DATA 15
2 . 0 0 0 0 0 F 0 4 . 0 0 0 0 0 6 0 0 . 0 0 0 0 0 6 0 0 . 0 0 0 0 0 6 0 DATA 16
1 0 0 0 . EG 2 6 . C38E0 . 0 2 3 3  C2H2 0 DATA 17
4 . 4 9 6 6 E 0 0 5 . 2 6 9 8 E - 3 - 1 . 8 4 0 6 - 0 6 3 . 1 0 5 4 6 - 1 0 - 2 . 0 0 0 6 - 1 4 2 . 5 6 3 7 6 0 0 4 - 3 .  1 4 4 8 1 6 0 DATA 18
7 . 9 0 3 3 3 E -  1 2 . 3 4 6 6 E - 2 - 3 . 5 5 4 2 6 - 5 2 . 7 9 5 1 6 - 8 - 8 . 4 4 8 6 - 1 2  2 . 6 2 5 5 6 0 4 1 . 4 0 0 5 6 0 1 DATA 19
2 . 0 0 0 0 0 E 0 2 . 0 0 0 0 0 6 0 0 . 0 0 0 0 0 6 0 0 . 0 0 0 0 0 6 0 DATA 20
1 0 0 0 . 6 0 2 5 . 0 3 0 6 0 1 . 0 0 6 - 7 1  C2H 0 DATA 21
. 3 5 1 3 4 7 9 E 1 . 3 5 8 9 0 6 6 - 2 - . 1 3 2 3 1 6 - 5 . 2 3 0 5 2 0 6 - 9 - . 1 5 3 0 6 - 1 3 . 5 7 8 8 7 5 9 6 5 . 4 5 2 3 2 8 5 6 1 DATA 22
. 3 0 0 6 2 6 9 E 1 . 5 5 3 7 8 8 6 - 2 - . 3 5 1 1 2 6 - 5 . 1 2 4 8 6 0 E - 8 - . 1 8 9 6 6 - 1 2 . 5 7 9 6 9 6 0 6 5 . 6 9 2 0 3 4 9 6 1 DATA 23
2 . 0 0 0 0 0 E C 1 . 0 0 0 0 0 6  0 0 . 0 0 0 0 0 6 0 0 . 0 0 0 0 0 6 0 DATA 24
1 0 0 0 . EO 2 . 0 1 6 6 0 . 2 3 7 2  H2 0 DATA 25
3 . 0 4  3 6 9 E 0 0 6 . 1 1 8 7 E - 4 - 7 . 3 9 9 6 - 9 - 2 . 0 3 6 - 1 1  2 . 4 5 9 6 - 1 5 - 8 . 5 4 9 1 6 0 2 - 1 . 6 4 8 6 0 0 DATA 26
2 . 8 4 6 0 B 5 E 0 4 . 1 9 3  2 E - 0  3 - 9 .  611 9 6 - 6 9 . 5 1 2 3 6 - 0 9 - 3 . 3 0  9 6 - 1 2 - 9 . 6 7 2 5 4 6 2 - 1 , 4 1  I 8 6 0 DATA 27
O.OOOOOOEQ 2 . 0 n 0 0 0 E C 0 . OOCOOEO 0 . 0 0 0 0 0 6 0 DATA 28
1 0 0 0 . EC I . 0 0 8 6 0 1 . 0 0 0 6 - 7 1  H 0 DATA 29
2 . 5 0 0 0 0 0 E O C.OCOOOEO C . 0 0 0 0 0 6  0 0 . 0 0 0 0 0 6 0  0 . 0 0 0 0 0 6 0 2 . 5 4 7 0 5 0 6 4 - 4 . 6 0 0 1 6 - 1 DATA 30
2 . 5 0 0  0 0 0 6  0 0 .  OOOOOFO C . 0 0 0 0 0 6 0 0 . 0 0 0 0 0 6 0  0 . 0 0 0 0 0 6 0 2 . 5 4 7 0 5 0 6 4 - 4 . 6 0 0 1 6 - 1 DATA 31
0 . 0 0 0 0 0 ' ^ E ' ' 1.  COOOOEQ 0 . COOOOEO 0 . 0 0 0 0 0 6 0 DATA 32
1 0 0 0 . EC 2 8 . 0 1 6 6 0 . 0 2 7 7  N2 0 DATA 33


















































































































78.114E0 .0052 C6H6 0
7.9473E-6-7.5092E-93.0385E-128.
1.L245E-51.95 764E-9-I.25 7E-137. 
0.OOOOOEO 0.OOOOOEO
















17.008Ê0 l.OOOE-71 OH 0
2.1880E-71.9803E-11-3.845E-163. 
.24 668E—6— 2.103E— 10—5.254E —143. 
0.OOOOOEO l.OOOOOEO 
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C/)C/) TABLE B-6. Typical Output for Non-Equilibrium
8■D INOEPTH FLOW A NA L Y S 1 S ( NON-E GU IL I R P I Ü N- FLOW)















CHAP.  B A C K  T E M P E R A T U R E  ( 0 F ) =  1 4 7 1 . 7  
T H I C K N E S S  O F  C H A R ( I N C H E S ) = 0 . 0 2 0 6 7 2  
T O T A L  M A S S  F L U X  I L B S / F T 2 - S E C ) =  . 3 4 9 4 2 0  
F R O N T  S U R F A C E  T E M P E R A T U R E ( O F  1 =  5 5 0 0 . 0
N U M B E R  O F  G A S  C O M P O N E N T S ^  I B  
T H I C K N E S S  OF D E C O M P O S I T I O N  Z 0 N E = 0 . 0 0 6 R 6 9  
G A S  M A S S  F L U X  AT  T H E  S U R F A C E ^  . 1 6 0 9 6 4  
S U R F A C E  R E C E S S I O N  V E  L O C I  TY ( F T / S  E C ) -  0  0  1 0 0 0
R A T E  O F  H E A T  A B S O R B E D  I N  T H E  C H A R  Z O N E ( B T U / F T 2 - S E C ) = 1 7 1 1 . B 9 3 3
R A T E  O F  H E A T  A B S O R B E D  I N  T H E  D E C O M P O S I T I O N  Z O N E ( B T Ü / F T 2 - S E C ) =  2 4 4 . 2 6 6 8
P E R C E N T  OF T O T A L  H E A T  A B S O R B E D  I N  T H E  C H A R  Z O N E =  0 . 8 7 5 1 2 9 4 F  0 2
P E R C E N T  OF T O T A L  H E A T  A B S O R B E D  I N  D E C G M P - Z O N E =  Û . 1 2 4 8 7 0 5 F  0 2
P E R C E N T  O F  H E A T  A B S O R B E D  B Y  T H E  G A S  I N  T H E  C H A R  Z G N E =  0 . 4 1 3 0 8 4 7 E  0 2
P E R C E N T  O F  H E A T  A B S O R B E D  B Y  T H E  S O L I D S  I N  T H E  C H A R  Z U N F =  0 . 2 5 0 5 2 4 6 E  0 2




r̂ r-cv CO •cc cz c3 -t >c
o •—<rco
r*»AJ
O • • cc X co e nC
L> fvjc>
J\ LA'• (*A c
3 a tx • cc f\j vC nO-J o c LL'Li, C" LTl -co o Oy o X X o 3:3 o c-]} >0 LLCL o fNio •J•X t o cLL 3
-J n LCu 13 LL o fV ZO CO Uj K- cLU 1 VA L_1 fV 1 o <rQ.'■C >-z h- AJ 3 Q oc- I LL h- K o 'C tr> cz (t \ LL X c iT\o cX V. m CLun f\; H" 3 X a fNJ o ZW-. u. h- X H- 3 coO c U. X U u> \ LL-J Cf' X<T CL X K-Z c.' W» -J -J <c< x LL u_ LL'o CL o r̂ UA3: L- k- o XLL) CL < < u c AC-j C U_ UJ o r- 'O0. 3 X z 'Th- LL < c Om cX < CL LL H— zK O' c z >a Uw u- < <r cCL ul LL c3 5. L*- Û c ccu- CL <►- C. LA Cl c
o'j üO 
'-*• Jr\, f\;
Li. H-, h- *—I- 3 u. 'U. Z"U- — \ 'v L'
w  CÛ C2 ZLJ -J -J 3X û: ^  CLD X s:
N- X ' (%l f—1 o #"4•Ml •w —4 c C 4-1
o X c c o o c o o c C ' n- o c c C o
LL uJ LL LU LL U j lu LU LL LL LL 1 1 U j LU LL U_- LL'
h- c sT, <" e o c C in c X X O' o m c
(T o IT cr- f \i vC <" c 3 <- fA c c
h“ IT rv •O X T \T X n m rCi C —
' f X #w < - X —4cr- m r r 4-4 ■n
O O o c o c o o O o o c o o O c o c c
X 3 Ow o L '
o O o O c c c o o c o o h- c o f : Y Y
LJ LL LL j j Iw LL LL U j LU . . LU LU UJ L_ LL.
O o '■Cf C <- c X >- rr 0 e <?■ LT
c o LT in cr n j f\J AJ X <r o c cr o X.
o (XvO X r - X sC- OJ —*X in in m r 1 o'j"X c rA < - <* X n LT n
o o o O c o o c o c o o c O c
O'c n.•-4-4 c •—4 4—1m44-1 C'A-crM-o Y a O o o o o o o c,Cin-o C'o c c c
LULULULuLLLULULLLU•JLULULUUiLUu X' U'm X m o X cr X inOoX o <rrAnO'm in 'TX fAo r-o rA>cO Xc (\jc X pA, C X inin'A,h-(\J(\iCOr- nT >rcc o inPA in
o o c o o o o o c c o c o c o o o c u
o o •-J c n-cr
Y o o o c o o o o o o n-C'c 3 c 3 c
L'UJLU LUUJL'UiU'U'LULLLLLUu UJu ■-Uuo f\j <\jnCm O fVo X —4Cf.r- nCsOirO'lT-e m. on-o fA fAX X n o nj■CX c crvo h-m m fAvCc\J4—4X o inTAo 4MU'rAX n- m 4-4sj-X 4Mo infA 4M4—'•—*
o c o o 3 o o o o c r?o c o c c.c c
a a rc o o c o cuo cn-1'̂ o O o Ci o r̂ o C'C o Ci c N N.*C-'
ÜJLL LU L*jo. u, u-'LULU u_ U; LU 'U U- LUc o c O o rn c c c 4̂ rrX o n- 3 o oo c m T m c c C'c in.e Ayo r- 'C C co c njfA f- o o n-pA c iT- pA, C c-
CL n- <r IT. NÎ e X inn —4
o c c C‘o C o o o c o C’o c c c 3
CLK LL3 c (\jPA,\TnOvf(\lX r\i X rvjc nCm c r\oUJ< CC -J o X X X X f\JX Z nC c C (\,3 CC U. o c u (\ir\jrvu o z u-XLL(/) LC u C U c uX a LO(/) <r o<  X  UJ c/̂ cX  UJ O' <U K- 0. z
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
543
c  in cc • o
o  "O M" '<0 ^  ^ r\J #̂-4 #<4 »-H C' #-4 »-4 44 44 44 44 fT J (<\ 44
C J ' 'C ' -<  o o o o o o o o o o o c f ^ o r ^ o o o o•  m —  •  I I I I I I I I I I I I I I I IO  nj fM C
P- r«i f"- 
O  • • OO  rf, -O O  C C  O  
• rvj 44 •O CnI (M O
I/I
44 <J
3  <SO_ l  U JLL O' IT. m _jo  • • c  uZ O f\J vO z
3  O  M  O  44 >4
O  (M f\J o o
3  ZC 2  C
LU 44
I oc o  r -  o  h -
Z O  • • O  44
O O m f4- O LC
Z O O O 44 c
44 * C  44 « Q.LO O f\! (M O Z
— aLO o>_j<
z<
OC CC O  \0 3 O . . O
L U L U L U L U L L L L u L U L U L U L L L U I L L U U j - L U L L LL.' L Ur v j o N- C O 1" C M r r . O ' in ( V *—4 O ' L n o <- mm d in in m o <- m O' o r" 'f in O ' n- cc«— 1 o fO n- C O ro C O >0 44 f" r»- ' T . tv ooc m m 44 >r X O ' in m tv r o• • • # •
o o o o o o o o o o o o o o c o o O o
in i n f V o 44 o X , X
o o c o o o o o o o o o t'- o o o c o otU j U J L L L U L U 1L L L L L U L U iL iL lL L L iL lL Ü J l L i L L U> O ' ' S - fO > 0 f V C M m C D f ^ ' S ’ O ' v O in tv s C# " 4 C O N O' f»»4P-4 tn (M in o O' in cc CM o O' cc
vO O' o r̂ CM C D m CD o CM r- X cn X oK <r C O sO m C O o- m f f '
o o o o o o o o O o o o o o c O o o o
m \0 ( V I—* o o v t O'
o o o c o o o o O o o o r̂ o c o o c c
L U L U L U L U L U L U L U L U L U L L L J L U j j L U U J L U L U l U U . '< O' m m ( V i n i n C cc cr r<'i n nJ- O' XfO vC O' O' C O o 0^ tv d r' o C O o m o < - X
|4-in o 14. o c v X m cc d CM CC X in r n X occ CC vO < cn - J - ■d CO O' m . m 44 44• * # # # • •
o o o o o o o o o o o o o o c o o c o
O' O' rv o o O' oc d o O o o o o o o o o o o o d X o
L L L U L U L U LL L U L L L U L U L U L U LU L U L U LU LL LU l U L Uo O t n r s j CV vO n in (T O' OC m O C o oo o o nO >0 O' CM #-4 vO cn o r- o o O 'o o C C O cn C D o CM Q C in in. f O o a cC C f̂4 'd- CO mW 0 0 0̂ in m 44# • • # • « •
o o o o O o c o c o c o O o c o o o o
c o X CD d d h - #"4 tv 44 o m-4 O in O'_J o X. O c o o o o o c o o o o o 1'- o o o o c oLL • O' rH • 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
o cv O U J L U L L L L L U L L u_ L U LU L L L U L U L L L U LU LU Lw I L U JX tv d O'O'O'm X 00*in 'tO'X X O' COC' œ X O'1— O' X O' X inO' CM X X o o cn c Xa. 44 X o X C O cn C C X tv X X n cn o cL U tvM X X f - i ij-X O' X m tv #-4
Ci • • •
z o o o o o o o C c o o o o o C o o o o
1_>
LUto 
- 4  I
44 f\| tv
L L  K  h -  I—I -  C  t L  L L  ZL L  44 «V L U
—  tc CO z
UJ -I _J C
X or 44 44 O.
I -  = 3  X  ZC L  I -  L U  3  OL L  <  C C  _ l  OC  O C  3  L LL U  I / I  t o£ X  C L  I/I t o  < t
<  Z  LU to OX  L U  Q C  <
U  K  D- Z
(V m lT X tvX tvX c X X c t'Jo X G i_)X I X X X X tv X z X X X o c>tvcu tuo cvtvcvo X X z o Xo o o X uLJl
4̂ cvX <- X X X O' o r—̂ cvX X X r- CC-O'r-4 4̂ 4̂ f-4 44 44 0̂ f-rWp—*
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
544
IN) c  o
o o vCc CO 44-;'3'—.4m4 o m4 4̂ 4-4 o CMCMo r- O o o o o o O o o o o o o r-o o o o o co #44 0 1 1 ( 1 1 1 1 • ■ ! ! ! Î I I 1o (VCMo UJLULU LULUliitulUIÛLÙLULÛLUlULULUw LULUo inCM 4—1##4o o m S. m 43-CMinino p̂ O'm r̂ 00o o inm O O' cnC- 40 o <oCO»MinfOf"pn CMinP'- t'­•TPM•3-O'o 43- CMo o -44 on-f" O' en4-4 'fPM 43-r-m4O'r4-cn n 4-4 4̂• • # • e • • #
o o o O o o  o O O O o o O o O o o o O
4-4 CM o4—4
o o 4Û o cn-f cn m4#->O «̂4m4 4̂ »w o CMCM
o c O o o o o o o  o o o c o o n- o O o O o o•CO # 1 1 1 1 i I 1 1 1 1 1 1 1 1 ! 1
o <v o LULULULULULULULULULULULULULULULULULULUGOin in 4» m inO'00inin43-43- 40 CMcnCCCOCOO o CM CMCM•3-CMorr- 33 O CO r-in1/3 O O'œ CMCCinr--«3-o in o o inn cn n o< cnr-cn>1-cr •3-CM 3-00 4̂ O' 40 cn CM 4—3 c • • • •O o o o O o O o O o o o o o o O o o o o_j UJu. *■4'j-(M _j9 ##-4 o3: o '«•o z m-4CM 4-4 O 4—4 #—< o CMCM3 o 4"sO "V o O o o o o o o o o c o c- o o o O O oN —4 # UJ 1 I 1 1 1 1 1 1 1 1 1 1 I 1 10: o CMr\jo _J UJLULU UJLULULULULULULULUlUlULULUlULULUcc o o vO00n-COO' nO 00vOO' 43-O'inPMO'rncn 40z CMCMin.o 4̂ <3 œ 00o 00o 0'in COfO3-c- O' 40_l in.O'O' >3-O'cnr-cnO'in. O 40 pnCM oo cnn.m4 <-cn >3- 3-00 4̂ O' 40 pn3 z « , * # • # • * # • • # • • • • # # •O o o o o o o O O o o O o o o c O o O o oUJ1 in nO O' t-z • • o
o o CO nO vO 1/3 ^4 CM 4-4#"4 o 4-4 o cr.CMz o (\j o 4-1 o o o o O o o o o o o o o o o o O O o
• vO • 0. 1 1 1 1 1 1 1 i 1 1 1 1 1 1 1 1LTi o CMCM o z LUUJLUUJ LULUdULUUJLULULL LULULu'LULU'LULU»—4 o m r- O CMininCO pno CO O m inCMO' 40 CM
I/I u vOCM4-4O r-inO' o <\jCMm O CMO' O O'n m n-
> CM o <3 o-CMN cncc vO r-COcnCM -4 o—1 m cn00CM•3-cn •3- 3-CD 0'incn CM
< # • # # #
z o o o O O O o o o O O o o o o o o c o<r
o vO O'3 « •oc o rr, •o <3 in —.4CM 4-4 o 4-4 -4 o O'm_) o 4̂ O o o O O o o o o o o o f" o o c 40 o ou. •in • ! 1 1 1 1 1 1 1 1 1 1 1 1 I 1 1
o njCMo lULULULULUlULULULU LULU lU LULUlULULULU LUI CM t'­ CO #"4o  n- o cno tn cn CMcncn o 3->- CMenin O'0000O -3- 4» o o O'O'cr,o CCorCL O'CMo <3 O' 00cnf-- 40 CM#"4r- sOcncr,o cr O
UJ O' cn 00 cn <- cn p"4 43- 3-00 4̂ o> n cn O' 4-4
a • *z o o o o o o o O o O o o o o o c o o o
a
LUC/̂
^  I—. CM rv
Li. H- k"
k- C  LL LL Z
LL w  >v *V LU
—' CÛ CC Z
LU _J _l O% CL CL3 X z
D- 1- LU X o CM cn 43- 40 43- CM X CM X CM D O pr, O PM o X c l_)
lU < or -J c X X X X X X CM X z 40 X X o c CM c
o a . X LL o u L_3 CM CM CM a X 40 Z c X
LU 1/3 o U U 40 u
OL a 1/3 1/3 < o
< z LU 1/3 o
X LU C3C <
u t - a z
—4 CM cr -3- in 40 f4- cc O' o "̂4 CM m ir\ 40 (4- cc CO
r-4 »-i ^4










o m CM O
o O  CM
a a 00
C cr ID O
o 'j- vO ^
a








CM CM o CM O ^4 m-, CM o — I CNJ o
C o O o C o o o o o o o r- c o o o o o
LU LU LU LU LU LU LU UJ LU LU cu LU LU LU Uj LU uL UJ U:
m \C CD o CM CDr-H CM lO •—< DJ CD CO c CO ir o c
CM o QC ID '3- m CD 00 D- vO CO N o sO
un r- O CD CO o 00 M- r-j CO <M O' o rn
<- sC r-t 1—1 '3- CD m •c O' cc C\J ro •— CO
a a a ♦ •
o o O O o o o o o o o o o o o O O o O
CM m c CM o (M o #*4 rvj (NJ O
O o o o O o o o o o o o r- o c o O o o
1
LU LU LU LL LU LU LU LU LL LU cU LU cu LU Uj LU 'JJ LU LL
m CM o m CC ID D- CD o O o O CNJ (NJ
O' rn, CO O' r- CM O' Dc' 00 CM vC >0 m in —w cr-
cc 'f CO <3 CD D- c O' 00 CD CM 00 o O
CM D- vO cc ID ■C >t ID m \C O CO C\J cc#
o O o o o o o O O o o o o o o o o c o
LL m fO m
• •
r c in o
:3 rvj o
•-4
o m (NJ C
rv rn m 4̂ o 4̂ (\j#—4 c CM o
o o o O o O C' o o c o t'­ o o o o O o
UJ LU LU LU LU LU LL UJ LU LL'UJ LU eu LU LU LU LU CU cu
fNJr\jcc 3C <- O' 4̂ 'd' cn f-4 f̂ CC CM vO m 3- l'­ 3- cr
>0 C OC rn in N#- o (NJrr, sd* cr •3-o ID on m ID
rn,O r- O' in m O o o 'j- #—4 O' •c o 1-o (NJ CD in ■3- n* LT CC e-4 CM m —a OC• # # a




m O m O I—
#-4 # # •
O O O O O O O O O O O O O f ^ C O O O O O
CL I I I I I I I I I I I I I I I I
z  L U L L L U L U l U L U L U L U L U L U L U L U u U L L i L U L L U J L U L L '
C ûcr^i-<r^cotn>j-vr'coccCT>C'Orn(\jO'OC7'Lf'un o ccsOOm^tvii— inO'tcT'î ro.̂ -̂ O'r̂ xOa’> <û^<-ii^>}-rN!vCv0'i-'^fv0'r^ooor-O"-
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I N O E P T H  F L O W A N A L Y S  I S ( N O N - E Q U I L I B R I U M F L O W )
C H A R  D E P T H  ( F T ) 0 . 0 0 1 5 0 . 0 0 1 5 0 . 0 0 1 5 0 . 0 0 1 6 0.00
T E M P E R A T U R E  ( O F ) 3 6 8 1 . 8 3 7 9 3 . 8 3 9 0 3 . 2 4 0 1 0 . 5 4 1 1 5
P R c S S U R E  ( L B / F T 2 1 2 1 6 4 . 6 2 1 6 4 . 3 2 1 6 4 . 1 2 1 6 3 . 9 2 1 6 3
M A S S  F L U X ( L B / F T 2 - S ê C ) 0 , 1 6 8 6 0 .  1 6 8 6 0 . 1 6 8 6 0 .  1 6 8 6 0 . 1 6
G A S  C O M P O N E N T C O M P O S I T I O N  ( M O L E / M O L E i G A S )
1 C H 2 0 . 7 3 3 6 E - 0 2 0 . 1 1 1 5 E - 0 1 0 . 1 6 0 8 E - 0 1 0 . 2 1 3 2 E - 0 1 0 . 2 6 7 3 E - 0 1
2 C H 3 0 . 2 7 1 8 E - 0 2 0 . 4 3 0 8 E - 0 2 0 . 6 3 9 2 E - 0 2 0 . 8 6 0 2 E - 0 2 0 . 1 Q 8 9 E - 0 1
3 C H 4 0 . 5 6 8 6 E - 0 1 0 . 5 1 0 2 E - 0 I 0 . 4 3 4 5 E - 0 1 0 . 3 5 4 0 F - 0 1 0 . 2 7 0 8 E - 0 1
4 C 2 H 6 0 . 2 3 8 4 E - 0 7 0 . 4 6 0 5 E - 0 8 0 .  31 I I E - O B 0 .  1 7 1 5 E - 0 8 0  . 1 8 0 4 0 - 0 8
5 C 2 H 4 0 . 2 4 7 6 E - 0 3 0 . 6 0 6 9 E - 0 4 0 . 4 4 1 6 Ê - 0 4 0 . 3 5 5 2 E - 0 4 0 . 2 9 0  l E - 0 4
6 C 2 H 2 0 . 7 1 6 9 E - 0 1 0 . 7 1 9 2 E - 0 1 0 .  7 2 0 7 E - 0 I . 0 . 7 2 3 7 E - 0 1 0 . 7 2 9 6 E - 0 1
7 C 2 H 0 . 1 5 0 0 E - 0 1 0 , 1 4 9 0 E - 0 1 0 ,  1 4 7 H E - 0 1 0 . 1 4 6 4 E - 0 1 0 . 1 4 5 0 E - 0 1
8 H 2 0 . 4 8 6 2 E  0 0 0 . 4 8 7 5 E  0 0 0 . 4 8 3 8 E  0 0 0 . 4 9 0 2 0  0 0 0 . 4 9 1 4 E  0 0
9 H 0 . 5 7 1 6 E - 0 1 0 . 5 8 3 9 E - 0 1 0 . 6 0 0 3 E - 0 1 0 . 6 1 7 6 E - 0 1 C . 6 3 5 3 0 - 0 1
10 N 2 0 . 3 8 5 3 E - 0 1 0 . 3 8 2 8 E - 0 1 0 .  3 7 9 6 E - 0 1 0 . 3 7 6 2 E - 0 1 0 . 3 7 2 6 0 - 0 1
11 C 6 H 6 0 G . 6 7 0 9 E - 0 1 0 . 6 6 3 4 F - 0 1 0 . 6 5 4 2 F - 0 1 0 . 6 4 4 1 F - 0 1 0 . 6 3 2 5 0 - 0 1
12 C 6 H 6 0 . 9 4 5 9 E - 0 2 0 . 9 4 3 7 E - 0 2 0 . 9 3 8 7 E - 0 2 0 . 9 3 0 8 E - 0 2 0 . 9 1 9 0 0 - 0 2
1 3 N H 3 0 . 8 1 1 0 E - 7 1 0 . 8 0 5 7 E - 7 1 0 . 7 9 9 0 E - 7 1 0 . 7 9 1 9 E - 7 1 0  . 7 8 4 2 0 - 7 1
1 4 e n 0 . 1 1 9 0 E  0 0 0 . 1 1 8 7 E  0 0 O . l i a i E  0 0 0 . 1 1 7 5 E  0 0 0 . 1 1 7 0 E  0 0
1 5 C 0 2 0 . 2 7 9 7 E - 0 1 0 . 2 7 7 8 E - 0 1 0 . 2 7 5 4 E - 0 1 0 . 2 7 2 8 F - 0 1 0 . 2 6 9 9 0 - 0 1
1 6 H 2 0 0 . 2 5 9 7 E - 0 3 0 . 1 0 1 6 E - 0 3 0 . 7 9 7 7 E - 0 4 0 . 6 5 6 9 E - 0 4 0 . 5 4 2 8 0 - 0 4
1 7 O H 0 . 3 9 4 6 E - 0 1 0 . 3 9 2 0 E - 0 1 0 . 3 8 0 8 E - 0 1 C . 3 8 5 3 E - 0 1 0 . 3 8 1 6 0 - 0 1
1 8 0 0 . 9 9 3 2 E - 0 3 0 . 9 8 6 6 E - 0 3 0 . 9 7 8 4 E - 0 3 0 . 9 6 9 7 E - 0 3 0 . 9 6 0 3 0 - 0 3
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APPENDIX C 
THERMOPHYSICAL PROPERTIES DATA
This appendix contains all the thermodynamic and phy­
sical property data used in this research along with the 
references and methods used to compute the heat capacity, 
enthalpy, free energy, thermal conductivity and viscosity 
of gases. In addition, the thermophysical properties re­
quired to characterize both the char and the virgin material 
are also presented. At the end of the chapter, a brief 
explanation and a typical input of the Thermochemical 
Generation Program (TGP) is presented. This program was 
written to develop a uniform thermodynamic data base for 
converting thermodynamic information from various sources 
to a convenient polynomial form.
Thermophysical Properties of Gases; The thermodynamic 
and physical properties data used by the ABLATINl and 
ABLATIN2 systems is presented. The thermodynamic data is 
presented in table form giving the values of empirical 
constants for polynomial fit. In this research it was con­
venient to use the thermodynamic data in functional form. 
This procedure not only reduced memory space, but in 
addition, it reduced the need for interpolation between 
tables of stored values. Coefficient for the polynomial 
fits have been obtained from numerous sources, mainly from 
the work of NASA at Lewis (1), Bauer and Duff at Los Alamos
550
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
5 5 1
(2), API Project 44 (8) and JANAF (6). The polynomial 
equations used for the heat capacity is of the form:
R ~ a+bT+cT^+dT^+eT'^ (C-1)
If we define the sensible enthalpy plus the heat of 
formation at a reference temperature as then:
T
yC = a + J' C° dT (C-2)
Where is the heat of formation at the reference
temperature T^. Substitution of Equation (C-1) into (C-2) 
and integrating results after some manipulation results in;
a+b T+c T^+d T^+e T^+f (C-3)
RT J J
The definition of absolute entropy is:
sg = r Cp
J  dT (C-4)
0 T
Hence, substituting Equation (C-1) into Equation (C-4) 
and integrating results after some manipulation:
S°
 ̂ = a In T + bT + c T^ + d T^ + c T^ (C-5)
-R 7 1 1
The definition of Standard Molal Free Energy is
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as follows:
P, = _ 1S° (C-6)
Substituting the deffinitions for and S° in Equation 
(C-6) results in a polynomial expression for the free energy 
which iS/ after dividing by RT:
__ o (C-7)
F
^ = a(l-lnT) - b T - c - dT^ - eT^ + 'f - g
RT I ^ “TT ITT T
A set of coefficients is presented in Table C-1 for 
Equations (C-1), (C-3), (C-5) and (C-7). The coefficients 
presented in Table C-1 are two temperature intervals. A 
high temperature interval (1000°K-6000°K) denoted by the 
letter H and a low temperature interval (300°K-1000°K) de­
noted by the letter L. Most of the data used was from 
McBride et. (1) of NASA, covering the intervals 300°%
to 1000°% and 1000°% to 6000°%. At 1000°% the low and high 
temperature fits were forced to match. The species for 
which data of McBride et. a^. (1) was used were: C(Graphite), 
c(g), Cg, c^, CH, CHg, CHg, CH^, C^H^, CgH^, CN^CgNg, CO,
COj, H, HCO, HgO, N, N2, NE, NH^, NO, NO^, NgO, NgO^,
0, O2 and OH. The coefficients presented for the other 
species were obtained using the heat capacity coefficients 
of Duff et. (2) and the other two coefficients, f and g,
were calculated from them.
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At the end of the appendix a general purpose program is 
presented that calculates the seven constants, "a" through 
"g", when the heat capacity at different temperature inter­
vals, the heat of formation, and entropy at 298°K are 
supplied.
The first card specifies the order of the polynomial 
of the heat capacity and the number of data points. From 
the second card on, the heat capacity data with the cor­
responding temperature in °K are specified. The last card 
gives the temperature range over which the value of the 
heat capacity should be calculated and PRINTED out, and 
the heat of formation and entropy at 298°K which are 
necessary in the evaluation of the constants.
Gas Phase Physical Properties; The gas phase physical 
properties required for the solution of the equations of 
change are the thermal conductivity and the viscocity. The 
physical property equations are those presented by Sh rwood 
and Reid (3).
The thermal conductivity of a pure gas is calculated 
using the equation shown below:
C T
k = 2 . 6 6  13x10"^ (M ) (C + 4.47) (C-8)g jL *i ^i
o' «V
For an ideal gas the heat capacity at constant volume 
is Cp^ -R and the collision diameter, a , and collision 
integral, , are tabulated for individual gas components
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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in Table C-2 and Table C-3 respectively. The thermal conduc­
tivity of the gas mixture is calculated as:
= L i  L i  '‘i (c-9)
The viscocity of a pure gas is given by a similar 
equation:
Mg = (2.6693xl0~^) • T)-'- (C-10)
o2
The viscocity of the gas mixture is calculated by the 
equation approximating the Chapman-Enskong Theory:
Z Ui { 1+ Z $. ( (C-11)
i=l ^ i=l ] 1
where the parameter, , is calculated by Equation (C-12) 
below:
= {l+( Ui/ {V8(1-5-M^./M^.)1/2j-1
(C-12)
Thermophysical Properties of the Virgin Material and 
Char: The thermophysical properties used were those
measured by Southern Research Institute (4). Figure C-1 
shows the thermal conductivity plot with temperature for 
40% nylon, 25% phenolic resin and 35% phenolic microballoon 
virgin composite. As is shown in the plot the thermal con­
ductivity variation in the temperature range 200°F to 800°F






















( a ̂Table C-2 Lennard-Jones Potentials 








Potential Parameter 4 Enthalpy of 
Boltzmann Constant Formation (290°K) 
E°/k, °K cal/gram mole
16 3.822 136.5 -17889.0
30 4 .418 230.0 -20316,6
C2H 4 28 4.232 205.0 12496.0
26 4.221 185.0 54194.0
78 5.270 440.0 19778.8
94 5.000 400.0 -23500,0
CO2 44 3.966 190.0 -94052.0
CO 28 3.590 110.0 -26416.0
"2 2 2.986 33.3 0.0
HgO 18 2.649 356.0 -57797.9
HCN 27 3.630 569.1 31100.0
m 17 3.432 312.0 -11040.0
"z 28 3.681 91.5 0.0
32 3.433 113.0 0.0
(*)Reid, Robert C. and Thomas K. Sherwood, The Properties of Gases and Liquids, 2nd
(b)
éd., New York: McGraw-Hill, pp. 632-633. (1966).





















Table C-3 Values of the Collision Integral 
Based on Lennard-Jones Potential for Calculating 
Pure Component Conductivity and Viscosity
kT/E° Ü V kX/E° n V
0.30 2.785 1.30 1.399
0.35 2.628 1.50 1.314
0.40 2.492 1.70 1.248
0.45 2.368 1.90 1.197
0.50 2.257 2.2 1.138
0.55 2.156 2.6 1.081
0.60 2.065 3.2 1.022
0.65 1.982 4.0 0.9700
0.70 1.908 5.0 0.9269
0.75 1.841 7.0 0.8727
0.80 1.780 10.0 0.8242
0.85 1. 725 20.0 0.7432
0.90 1.675 40.0 0.6718
0.95 1.587 70.0 0.6194
1.00 1.629 100.0 0.5882
1.10 1.514 200 .0 0.5320
1.20 1.452 400.0 0.4811
Reid, Robert C. and Itiomas K. Sherwood, The Properties of Gases and Liquids, 2nd ed..
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is small. No further measurements were made beyond 800°F as 
the degradation of the virgin material made the measurements 
impractical. However, for the purpose of the computer 
calculations these measurements were further extrapolated. 
Figure C-2 shows the thermal conductivity for the low densi­
ty phenolic nylon char. The thermal conductivity data was 
fitted empirically by Engelke, et. al. (4) and shown to be:
kg « 11.57 X  lO”  ̂+ 5.3 X  lO'lS (C-13)
for the temperature range between 800° emd 5000°F, The 
units of k^ are BTU-ft/sec/ft^/°F.
In figure C-3 the heat capacity plot for the virgin 
material with temperature is shown. A least square fit of 
this data was performed by Engelke et. (4) and was 
shown to be:
C = 0.15 + 4.3 X 10-4.T-1114 T“2 (C-14)
Pv
where T is the temperature in degrees Rankin.
The heat capacity data for the char was that of Wilson 
(5) and is shown in Figure C-4.
Thermochemical Generation Program
Most of the thermodynamic data available today is 
usually reported in Table form; be it free energy data, 
enthalpy data, heat capacity data, entropy, etc. The major 
sources of such thermodynamic data are reported at the end 
of the Chapter (],2,6,8). For an extensive review of other
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thermodynamic data sources see reference (7).
The thermodynamic data required in the development of 
both ablating analyses was voluminous. Therefore, to read- 
in the data in tabular form was ruled out. This would have 
implied more computer core, emd tedious table look up 
during the computation, which in itself consumes precious 
computing time. The best alternative, therefore, was to 
preprocess all the thermodynamic data and reduce them to 
convenient polynomial forms.
The polynomial forms used for the heat capacity, en­
thalpy, entropy amd free energy data were those published 
by NASA (1). This format was selected for its convenience 
and ease of programming. It constituted our initial data 
base on which we built as our work progressed.
Unfortunately, none of the other major sources of 
thermodynamic data had reduced them to the convenient poly­
nomial forms of NASA (1). And in these cases where they 
did (2), the polynomial forms were incompatible with NASA's. 
It was therfore necessary to develop a Thermochemical Gene­
ration Program (TCP) to develop a uniform data base.
The Thermochemical Generation Program (TGP) is a 
double precision routine that requires heat capacity vs. 
temperature data, heat of formation at 298°K, and the 
standard molal entropy at 298®K. With this information 
TGP proceeds to fit a fourth order polynomial to the heat 
capacity data as shown in Equation C-1. Once, the five 
constants (a through e) are calculated, the program proceeds























































































to compute the constant f using Equation (C-3) and the known 
value of the heat of formation at 298°K. Finally, the 
program calculates the constant g using Equation (C-5) and 
the value for the entropy at 298®K. With these seven cons­
tants the free energy function could, therefore, be calcula­
ted with the use of Equation (C-7). A FORTRAN listing of 
TGP is presented at the end of the chapter. It is identi­
fied by the symbol API44, This was done in honor of API 
project 44, which was the first concerted effort to develop 
a consistant set of thermodynamic data for hydrocarbons (8).






1- TABLE C-4. Listing of Thermochemical Generation Program3 API 1
—h r AP I 23"
CD DOUBLE PRECISION C(7) AP I 3
8 DIMENSION A(7),AP(7) API 4"O r. THIS PROGRAM FITS A POLYNOMIAL OF THE FORM A+BT+...+ET(5 1 TO HEAT API 5
CQ c CAPACITY DATA USING A LEAST SQUARES DOUBLE PRECISION SUBROUTINE. API 6
c WITH THESE CONSTANTS IT EVALUATES THE TWO CONSTANTS OF TNTFGRATlONAPI 7
1 c API 6) AND API 7), THAT ARE NECESSARY IN THE EVALUATION OF THE FREE API 8
CD7-5 r ENERY FUNCTION FO/RT.THE FORMAT USED FOR THE FREE ENERGY CALCULA­ API 9
"T| c TION IS GIVEN IN NASA SP-3001— THERMODYNAMIC PROPERTIES TO 6000 K API 10
C
3 . c FOR 210 SUBSTANCES INVOLVING THE FIRST IB ELEMENTS— BY B .J.MCBRIDEAP1 113"
CD c 1963 API 12
3 r APT 13■D c DELH=HFAT OF FORMATION AT 298 OK API 14
1 c S=A8SOLUTE FNTROPY AT 298 OK API 15
C0 c. RR=1.9871 UNIVERSAL GAS CONSTANT) API 16o' c TZFR0=29B.15IBASE TEMPERATURE) API 17
■D c FORT=FREE ENERGY API IBS c CP=HFAT CAPACITY APT 19
g c API 20
& RR =1.987 API 21
TZER0=298.I 8 APT 22
r-H
3" TZER01=T7ER0 API 230
C TZER02=TZFR0*TZFR01 API 24
TZFR03=TZERn2*TZER0 API 25
i TZFRn4=TZERn3*TZER0 API 26
TZFR0 5=TZER04*TZFR0 AP I 27
o' C API 28
c N=:TOTAL NUMBER OF CONSTANTS FOR CP POLYNOMIAL API 29
r. API 30
r. CALL THE LEAST SQUARES SUBROUTINE API 31
r AP I 32
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r. StiPROUTlNF LSOR(CC,M,NUMRFRtV tX> LSOR 1
C I SOR 2
C. LSOR 3
C LFAST SOIJARF CURVF FITTING OF ANY OROFP POLYNOMIAL LSQP 4




c NUMBER IS THE ACTUAL NUMBER OE X-Y DATA PAIRS.,MAXIMUM OF ?rn LSOR q
c M IS THE DEGREE OF THE POLYNOMIAL.,MAXIMUM OF 10 LSOR 10
c N IS THE NUMBER OF FOUATI DNS(=M+1 I LSOR 11
r. X,Y IS THE ARRAY FOR THE DATA PAIRS LSOR 12
c A IS THE ARRAY FOR THE SUM, WHICH BECOME THE COEFFICIENTS OF THE LSOR 13
c UNKNOWN IN THE SIMULTANEOUS EQUATIONS. LSOR 14
c B IS THE ARRAY FOR THE CONSTANT TERMS IN THE SIMULTANEOUS EQUATTONLSQR 15
c C IS THF ARRAY FOR THE UNKNOWNS, WHICH BECOME THE COEFFICIENS IN LSOR 16
c THE POLYNOMIAL. LSOR 17
c P IS THE ARRAY FOR THE POWERS OF THE XI I I,FROM 1 TO 2M. LSOR 18
c LSOR 10
DOUBLE PRECISION XI 30),Y( 30 I , AI 7,7),R17),CI 7),PI 20),TEMP,FAC TOR ,LSOR 20
1 SUM LSOR 21
d i m e n s i o n  CCI3) LSOR 22
17 READ 20,NUMBER,M LSOR 23
?0 FORMAT!216) LSOR 24
DO 11 1=1,NUMBER LSOR 25
RFAD 1D,Y(I),X(I) LSOR 26
c Y(I)=1./Y(I) LSOR 27
n FORMAT!?D10,0) LSOR 28
11 CONTINUE LSOR 20
MX2=M*2 LSOR 30
DO 13 1=1,MX2 L SOR 31
P! I )=D.T LSQP 32
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405 on 410 J=K,N LSOR 70
TEMP=A(K,J) LSOR 71
A(K,J)=A(L,J) LSQR 72
410 A(L,J)=TEMP LSOR 73
TFMP=B(K) LSOR 74
8(K)=B(L) LSOR 75
B(L ) = TEMP LSOR 76
C LSOR 77
C ELIMINATION,BACK SOLUTION, AND PRINTING RESULTS LSOR 78
c LSOR 79500 DO 300 I=KP1,N LSOR 80
FACTOR=A(Î,K»/A(K,K) LSOR 81
AIî,K)=0.0 LSQR 82
00 3f>l J = KP1,N LSOR 83
301 A!I,J)=A(I,J)-FACTOR*A(K,J) LSQR 84
300 B< n=B( I )-FACTOR*B(K) LSQR 85
C(N)=B(N»/A(N,N> LSOR 06
I=NM1 LSOR 87
710 IP1=I+1 LSQR 88
SUM=0. 0 LSOR 89
DO 700 J= I PI ,N LSOR 90
700 S U M = S U M + A ( I J ) LSQR 91
CCI ) = CB(I)-SUM)/AC I,I) LSOR 92
1 = 1-1 LSOR 93
IF(I>800,BOA,71r LSOR 94
8 00 DO 900 1=1,N LSOR 95
CGC I )=CCI) LSOR 96
900 PRINT 901, T,C(n LSQR 97
901 FORMAT!IX,16,5X,017.8» LSOR 98
PRINT 9141 LSOR 99
9143 FORMAT! //T46, 'LINEAR INTERPOLATION* , ///T5,•ORSFRVAT TON *, LSOR 1 or
1 T27, 'CALCULATION', T4«, 'RFSIDUAL', T67,'READING NO.'///) LSOR lOl
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INPUT FORMAT FOR T G P
CARD 1: FORMAT (216) COLUMNS
NUMBER = Number of heat capacity
data points. 1-6
M = Order of polynomial fit, 7-12
CARD 2: FORMAT (2D10.1)
X(I) = Heat Capacity data 
(cal/gm-mole-°K).
Y (I) = Temperature (°K).
1-10
11-20
CARD 3; FORMAT (5E10.6, 6x, A4)
TINITL = Initial temperature of 
fit.
TFINAL = Final temperature of fit
TINC = Increment at which data is 
to be printed.
DELH = Heat of formation of the 
species at 298°K.
S = Entropy at 298°K.
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This program was developed to study hundreds of 
possible chemical reactions that could occur in the C-H-O-N 
system. With this program we were able to determine if 
reactions were important between the temperature range of 
500°K to 3500OR.
The procedure was to use stochiometric amounts of 
reactants and calculate the conversion at a given tempera­
ture through a char one quarter of an inch thick. This 
procedure was repeated at higher temperatures and the be­
havior of the reaction was recorded for later analysis.
Those reactions for which the conversions at 3500°K were 
less than 5 percent were eliminated. It was felt that since 
the actual char would have an average temperature much less 
than 3500°K, it was a conservative criteria to select the 
reaction on this basis.
As it turned out many reactions which had a conversion 
greater than 5 percent were later eliminated since.many of 
the reactants were present in trace amounts, and therefore, 
even if their conversion at 3500°K was 100 percent, their 
contribution to heat absorption was considered negligible. 
These decisions were based on the composition of gases 
entering the char. How these compositions were estimated
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is explained in Appendix F.
It should be pointed out that the isothermal analysis 
approach used in this research was different from that used 
by April (1). April only considered the reactions to be 
irreversible. In this research, reverse reaction rate 
constants were used. The reverse reaction rate constants 
were computed from the known equilibrium constant calculated 
from the chemical equilibrium program. Table D-1 lists the 
isothermal analysis program.































TABLE D-1. Listing of the Isothermal Analysis Program
CALCULATION OF THE CONVERSION FOR CHEMICAL REACTIONS 
THAT POSSIBLY OCCUR IN THE DECOMPOSITION ZONE OF 
CHARRING ABLATORS. THE RESULTS COMPUTED ARE FOR THE 
ISOTHERMAL FLOW IN THE CHAR ZONE AT TEMPERATURES 
FROM 500 OK-3500 OK
DIMENSION EQNI18I 
DOUBLE PRECISION R22 ,R33,P11,P22,P33,FR1,FR2,FR3,FP1,FP2,FP3, 
,FKKK,RKKK,CR1,CR2,CR3,CP1,CP2,CP3,HH,RADELZ, 
4,P55,P66,HMIN,H:»ZZ*ZINC
VTV . L. -    . --------------- -
A Z.OELZ.RA,FKK,RKK,FKKK,RKKK,CR .  






READ THE EQUATION R1+R2+R3=P1+P2+P3
1111 READ729,(E0Nin .1=1,18)
729 FORMAT!18A4)
READ THE STOCHIOMETRIC COEFFICIENTS OF THE RATE EQUATION
1112 REA073C,R1,R2,R3,P1,P2,P3











READ THE MOL WOT OF THE COMPONENTS 
READ731.FWR1,FWR2,FWR3,FWP1,FWP2,FWP3 
FORMAT!6F5.0)
READ THE INITIAL COMPOSITION OF THE REACTANTS IN MOLE FRACTION 
READ5,XRl,XR2.XR3,XP1,XP2.XP3 
FORMAT!6E10.0)
RFAD THF COFFFICIFNTS OF THE FORWARD REACTION RATF CONSTANT 






























































c UNITS OF AEF ARE IN KCAL PER GM-MOLE I SOT 35
REA0733,AF,SF,AEF ISOT 36
733 FORMAT!E8.0t2F6,0) ISOT 37
C ISOT 36
READ (5,734 ) Al,A2 ISOT 39
734 FORMAT!1X,2E14. 7» ISOT 40
READ 735,TINIT,TINC,TFINAL,HI,HMIN ISOT 41
735 FORMAT!3F10.1,2010.4) ISOT 42
T=TINIT ISOT 43
C ISOT 44
828 PRINT8 29,(EQN(!I,1=1,18) ISOT 45
829 FORMAT!IHl,18A4) ISOT 46
PRINT 830 ISOT 47
830 FORMAT! 1X,35HINITIAL COMPOSITION (MOLE FRACTION) ) ISOT 48
PRINT 833,XRl,XR2,XR3,XPl,XP2,XP3 ISOT 49
C ISOT 50
PRINT 831 ISOT 51
831 FORMAT!IHO, 'FINAL COMPOSITION (MOLE FRACTION) ISOT 52
1 TEMP FRACTIONAL Z DELZ REACTION RATE EK« ) ISOT 53
PRINT 8311 ISOT 54
8311 FORMAT!IH ,109H RI R2 R3 PI P2 P3 ISOT 55
1 !0F) CONVERSION (MOL/CC-SEC) ) ISOT 56
C ISOT 57
C MASS FLUX OF DECOMPOSITION PRODUCTS, W, IN LB/FT2-SEC ISOT 58
W=0.01 ISOT 59
C ISOT 60
C INITIAL VALUE OF TEMPERATURE,T,IS 500~OK ISOT 61
R22=R2/R1 ISOT 62
R33=R3/R1 ISOT 63
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c FT HAS UNITS OF GM-MOLES/CM2-SFC ISOT 103
FT=FTO ISOT 104






11 = 0, ISOT 111
1 = 0, ISOT 112
C ISOT 113
C CALCULATION OF THE COMPOSITION OF THE REACTING MIXTURE ISOT 114




C CALCULATION OF RATE CONSTANTS FOR FORWARD AND REVERSE REACTIONS ISOT 119
C RATE CONSTANT UNITS ARE IN CUBIC CH.GHHOLES AND SEC ISOT 120
C ISOT 121
C FORWARD REACTION RATE CONSTANT, FK ISOT 122
FK=AF*TOK**(-SF)♦EXPII -AEF*1000. 0)/(R$TOKH ISOT 123
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RAA=RA ISOT 20 5
FR11=FR1 ISOT 206
Z2 = Z ISOT 2 07
DZZZ=0EL7 ISOT 208
123 PRINT 8 33,YR1,YR2,YR3,YP1,YP2»YP3,T,XCA,Z2,DZZZ,RAA,EK ISOT 209
PRINT 522,FKKK,PKKK,FTT ISOT 210
5220 CONTINUE ISOT 211
XCA=l.-FRll/FRin ISOT 212
333 F0RMAT(1HC,6F3.4,F9.1,F8.4,2X,4 F 12. 51 ISOT 213
C ISOT 211
C READ NEW DATA I F THE CONVERSION IS 100 PERCENT I SOT 215
C CONVERSION WILL BE 100 PERCENT FOR ALL HIGHER TEMPERATURES ISOT 2 i 6
C ISOT 2 17
C THEN REPEAT THE CALCULATIONS AT THE NEW TEMPERATURE ISOT 218
c ISOT 219
I FIERI.LE.0.IG0TO2208 ISOT 2 20
IFIXCA.LT.0.2)T=T+TINC ISOT 221
T=T+TINC ISOT 222
IF!XCA.GT.0.97)GOT02208 I SOT 223
IFITINC.GT.O.IGOT02 207 ISOT 224
IF!T.GE.TFINAL)G0T02221 ISOT 2 25
GOTO2208 ISO Y 226
2207 I FIT.LE.TFINAL)G0T02221 ISOT 227
C I SOT 220
C RE-INITIALIZE ISOT 2 29
C ISOT 230
C ISOT 231
2208 PRINT 833,YRl,YR2,YR3,YP1,YP2,YP3,T ,XCA,72,DZZZ,R AA,EK ISOT 232
C PRINT DATA ISOT 233
PRINT 2209,FIT ISOT 2 34
2209 FORMATI1H0,25H MASS F LUX ILB/FT2-SEC 1 = , FB.4I ISOT 235
PRINT2210,AF,SF,AEF ISOT 236
2210 FORMAT!IHO,3HAF=,E9.2,5H SF=,F6.2,6H AEF=,F6.1) ISOT 237
























2211 FORMAT!1H0,3HAR=,E9.2,5H SR=,F6.2,6H AER=tF6.1) ISOT 239
PR I.NT2212 ISOT 240
2212 FORMATI1H0»29HFWRl FWR2 FWR3 FWPl FWP2 FWP3» ISOT 241
PRINT2213,FWR1,FWR2,FWR3,FWP1,FWP2,FWP3 ISOT 242
2213 FORMATC1X,6F6.1J ISOT 243
PRINT 2218 ISOT 244
2218 FORMAT!IHO.28H STOCHIOMETRIC COEFFICIENTS) I SOT 245
PRINT2214 ISOT 246
2214 FORMAT!1H0,24H fU R2 R3 PI P2 P3) ISOT 247
PRINT2215,R1,R2,R3,P1,P2,P3 ISOT 248
2215 FORMAT!IX,6F4.1) ISOT 249
PRINT 2219 ISOT 2 50
2219 FORMAT!1H0.45H EXPONENTS CN THE COMP. OF THE RATE EQUATION) ISOT 251
PRINT 2216 ISOT 252
2216 FORMAT!1H0,?4H R4 R5 R6 P4 P5 P6) ISOT 253
PRINT 2217,R4,R5,R6,P4,P5,P6 ISOT 254
2217 FORMAT!1X,6F4.1) ISOT 255
READ IN NEW DATA FOR CALCULATIONS OF NEXT EQUATION ISOT 2 56
GOTOllll ISOT 257





INPUT FORMAT FOR THE ISOTHERMAL ANALYSIS PROGRAM
CARD 1: FORMAT (18A4) COLUMNS
aON(I) = Alphameric Reaction Expression 1-72
CARD 2 : FORMAT (6F4.0)
























CARD 3: FORMAT (6F4.0)
R4 = Exponent of Reactant 1 1-4
R5 = Exponent of Reactant 2 5-8
R6 = Exponent of Reactant 3 9-12
P4 = Exponent of Product 1 13-16
PS = Exponent of Product 2 17-20
P6 = Exponent of Product 3 21-24
CARD 4: FORMAT (6F5.0)
FWRl = Moleculaur Weight of Reactant 1 1-5
FWR2 = Molecular Weight of Reactant 2 6-10
FWR3 = Molecular Weight of Reactant 3 11-15
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COLUMNS
FWPl = Molecular Weight of Product 1 16-20
FWP2 = Molecular Weight of Product 2 21-25
FWP3 = Molecular Weight of Product 3 25-30
CARD 5: FORMAT (3E10.0)
XRl = Mole Fraction of Reactant 1 1-10
XR2 = Mole Fraction of Reactemt 2 11-20
XR3 = Mole Fraction of Reactant 3 21-30
CARD 6; FORMAT (E8.0, 2F6.0)
AF = Frequency Factor (cm^/gm-mole/sec) 1-8
SF = Exponent on Temperature 9-14
AEF = Activation Energy (Kcal/gm-mole) 15-20
CARD 7: FORMAT (IX, 2E 14.7)
A1 = 1st Constant of Equilibrium
Constant 2-15
A2 = 2nd Constant of Equilibrium
Constant 16-29
CARD 7 read the constants for the equilibrium constant
fit of the form EXP(A1+A2/T).
CARD 8; FORMAT (3F10.1, 2010.4)
TINIT = Initial Temperature (°K) 1-10
TINC = Temperature Increment (°K) 11-20
TFINAL = Final Temperature (°K) 21-30
HI = Initial Step Size (FT) 31-40
HMIN = Minimum Step Size (FT) 41-50
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APPENDIX E
A DESCRIPTION OF THE CHEMICAL 
EQUILIBRIUM ANALYSIS PROGRAM
The chemical equilibrium einalysis program is based on 
the free energy minimization method that is described in 
detail in Chapter IV. This analysis is a general method to 
calculate the equilibrium composition of a multi-component, 
polyphase system.
As input, the program requires that the user specify 
the temperature, pressure and an estimate of the composition 
of the chemical species of interest which are consistent 
with the elemental composition. In its present form the 
program reads in the thermodynamic data as seven constants 
for a polynomial of the form of Equation (C-7). This me­
thod of reading the data into the program is compact and 
flexible. A brief description of the program follows:
The Chemical Equilibrium Analysis Program
The Chemical Equilibrium Program consists of a MAIN 
executive program and four subroutines. These subroutines 
are THERMO, HOLDl, TRACE, and MATINV, and a description of 
each is given in this section.
MAIN: This is the executive routine of the chemical
equilibrium program. This program generates the matrix 
necessary to solve the set of algebraic equations.
593
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These coefficients are calculated following the same 
procedure described in Chapter IV. The coefficients are 
those shown in Table 4-1. The MAIN program calls THERMO to 
get the free energy function, amd MATINV to invert the ma­
trix and calculate the Lagrange multipliers. These 
multipliers are used to re-estimate the values of the com­
position of the gases for the next iteration as is shown in 
Equation (4-32), It should be noted, however, that values 
of Xi are re-adjusted using the convergence procedure 
described in Chapter IV. This is to avoid possible diver­
gence of the solution. It should be noted also that the 
composition of the solid species are explicitly solved in 
the matrix inversion subroutine and are also corrected by 
the same technique.
THERMO; This subroutine provides the main program 
with the values of the free energy function for each of the 
species being calculated. In addition, the program calcu­
lates the heat of formation of each species along with the 
sinsible enthalpy change per mole.
The THERMO subroutine uses a polynomial expression 
similar to the one shown in Equation (C-7) of Appendix C 
to calculate the free energy function. This polynomial 
form is a very convenient and efficient way for repetitive 
calculation. It is certainly more accurate and less time 
consuming than a table look-up and requires less storage 
than the table form.
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MATINV; This subroutine is a standard method for 
solving a set of linear equations by inverting a non-singu­
lar nxn matrix. The inversion is performed iteratively by 
reducing the original matrix by a series of row operations. 
The method is then repeated with the resulting identity 
matrix. This subroutine is the same as used in the ABLATIN2 
analysis that is described in Appendix A.
HOLDl: One of the major numerical drawbacks of the
free energy minimization technique is that its convergence
speed is reduced quite drastically by the presence of trace
species during the numerical calculations. These trace
—8species are those whose composition are less than 10 and 
therefore their contribution to the total free energy of 
the system is computationally negligible.
This subroutine checks for the presence of trace 
species. This is done if the procedure has not converged 
within a preset number of iterations. In our case, this 
number is ten. After checking for trace species, the sub­
routine re-orders the species in descending order of 
compositions and eliminates those less than 10“®, However, 
the program holds the species in storage for a final check 
at the end of the minimization procedure. This check is 
performed by subroutine TRACE which is described below.
TRACE: If species have been eliminated during the 
computational procedure, subroutine TRACE is called to 
recompute their value at the end of the convergence 
procedure. The technique used is thoroughly explained in
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Chapter IV. The equation used to calculate the trace 
species is Equation (4-46). A listing of the program 
follows.
At the end of the Appendix, an example illustrates how 
to use the program. The example selected is for silicone 
elastomers, amd typical results are presented.

























TABLE E-1. Listing of the Chemical Equilik/rium Program
■ T H I S  P R O G R A M  C O M P U T E S  C O M P L E X  C H E M I C A L  E Q U I L I B R I U M  F O R  
A M U L T I C O M P O N E N T , P O L Y P H A S E  S Y S T E M  BY F R E E  E N E R G Y  M I N I ­
M I Z A T I O N . !  J . C H E M . P H Y S . , V 0 L 2  8 , N 0 . 5 , 1 9 5 8 )
C O M M O N / K A / I  C O D E ( 4 0 , S P C  I  E l ! 4 0  » , S P C I E ? ( 4 0 ) , A A ! 4 0 , 5 ) ,
I  E N T U 4 0 )  , E N T ( 4 0 I
C O M M O N / K B / A I ( 4 0 ) , B I ! 4 0 ) , C I ( 4 0 ) , D 1 ( 4 0 ) , E ! ( 4 0 ) , F I ( 4 0  ) ,
1 G I ! 4 0 ) , A I I ( 4 0 ) , B I 1 ( 4 0 ) , C I 1 ( 4 0 ) , D I I ( 4 0 ) , E I 1 ( 4 0 1 ,
2 E I  I  ( 4 ^ ) , G I  I ( 4 0 ) , D E L H ( 4 0 ) , E 0 R T ( 4 0 ) , C ( 4 0 ) , T L O W ( 4 0 ) ,
3  Y ( 4 3 ) , X M W ( 4 0 ) * M L F R C ( 4 0 )
C O M M O N / K 8 8 / C P D T 1 ( 5 ) , P E R C ( 4 0 ) , P E R C 1 ( 4 0 )
C O M M O N / K C / I ( C O D E ! 4 0 ) , X P C I E l ( 4 0 ) , K P C I E 2 ( 4 0 ) , X A A ( 4 0 , 5 ) ,
I  X F N T ( 4 0 ) , X E N T 1 ( 4 0 )
C O M M O N / K D / X A I ( 4 0 ) , X B I ( 4 0 ) , X C I ( 4 0 ) , X 0 I ( 4 0 ) , X E I ( 4 0 ) ,
1 X F I ! 4 0 )  , X G I ( 4 0 ) , X A I I ( 4 0 ) , X B I I ( 4 0 ) , X C I  I  ( 4 0 ) ,
2  X O I I ( 4 0 ) , X E I I ( 4 0 ) , X E I I ( 4 0 ) , X G I I ( 4 0 ) , X M L F R ( 4 0 )  
C O M M O N / K O D / X O E L H ! 4 0 ) , X C P D T ( 4 0 ) , X C P D T 1 ( 0 5 ) , X E 0 R T ( 4 0 ) ,
I X Y ( 4 1 ) , X C ( 4 0 ) , X T L 0 W ( 4 0 ) , X X M W ( 4 0 ) , X P E R C ( 4 0 ) , X P E R C 1 ( 4 0 )  
C O M M O N / K F / S K  5 ) , S 2 ( 5 )  , S 3 ( 5 ) , S 4 ( 5 ) , S 5 ( 5 ) , A 1 1 ( 5 ) , A 2 2 ( 3 ) ,
1 A 3 3 ( 5 ) , A 4 4 ( 5 )  , A 5 5 ( 5 )  , S 6 ( 5 ) , A 6 6 ( 5 ) , J C O D E ( 5 ) , S ( 4 0 )
C O M M n N / K E / N C , N S , M M , R R , M M l , N O , N N , K W , I N , K n U T , K C O O E , K S O L I O  
C O M M O N / K G / T , T Z E R n , T Z E R O l , T Z E R 0 2 , T Z E R 0 3 , T Z F R n 4 , T Z E R 0 5 , P 
D I M E N S I O N  Y S U M ! 4 0 )  , X M A S S ( 4 0 ) , D E L T ( 4 0 ) , X ( 4 0 ) , X L  A M ( 4 0 ) ,
1 F Y ( 4 0 ) , R ( 7 , 7 ) , B ( 7 , 1 ) , P I ( 7 ) , B B ( 7 ) , F S U M ( 4 0 ) ,
2 X M F R ( 4 0 ) , Y X ( 4 0 )
A A A ( 4 0 )
X M O L  ( A  '^)
X M A S l  ( ? P )
X M A S S S ( 3 0 )
D I M E N S I O N  
D T M F N S I O N  
D I M E N S I O N  
D I M E N S I O N  
R E A L  M L F R C
C H E M
T H E M
C H E M
C H E M
C H E M
C H E M
C H E M
C H E M
C H E M
C H E M
C H E M
C H E M
C H E M
C H E M
C H E M
C H E M
C H E M
C H E M
C H E M
C H E M
C H E M
C H E M
C H E M
C H E M
C H E M
C H E M
C H E M
C H E M
C H E M
C H E M
CHEM
C H E M
C H E M
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5 M A X N T = l ’>'> C H E M 3 5
K X = 0 C H E M ^ 6
K P A S S S = 0 C H E M 3 7
M A = 1 C H E M 3 B
r. C H E M 3 9
K S n L Î 0 = 0 C H E M AOc C H E M 4 1
C - - - R F A D  I N T T I A L , F I N A L , I N C R E M F N T A L  A N D  R A S E T E M P E R A T U R E .  A L S O  R E A D  C R I C H E M 4 2c F O R  C O N V E R G E N C E , N U M B E R  OF G A S  A N D  S O L I D S P E C I E S , A N D N U M B E R  O F  E L E M C H E M 4 3c C H E M 4 4c C H E M 4 5c — ----------R E A D  I N P U T  P A R A M E T E R S C H E M 4 6c C H E M 4 7c C H E M 4 8
R E A D 1 , X T , T M A X , T I N C , T Z E R O , C R I T , N C , M M , N N S C H E M 4 9
I F ( X T . L T , I . ) G 0 T 0 3 3 3 C H E M 5 0
N S = N C + N N S C H E M 5 1
1 F O R M A T * 5 F I 0 . 4 , 3 I 6 > C H E M 5 ?
M M l = M M C H E M 5 3
R F A D  2 , I H C O D E , H , I P U N C H C H E M 5 42 F O R M A T * I 6 , l F i n . 5 , I 3 ) C H E M 5 9c C H E M 5 6c C H E M 5 7c— - C O M P U T E  T H E  S I 7 E  O F  T H E  M A T R I X C H E M 5 8r. C H E M 5 9c C H E M 6 0
X A = M M + 1 + N S - N C + I H C 0 D E C H E M 6 1c C H E M 6 2c N A = S I Z E  OF  M A T R I X .  I T  V A R I E S  W I T H  T H F N U M B E R  O F  E L E M E N T S  C H E M 6 3c A N D  T H E  N U M B E R  O F  S O L I D S  P R E S E N T  I N  T H E S Y S T E M . C H E M 6 4c C H E M 6 5


























c C H E M 6 9
c R E A D  I N  E M P I R I C A L  C O N S T A N T S  F O R  T H E  F N T H A I P Y  F I T  O F  T H E C H E M 7 0
c E L E M E N T S . C H E M 7 1
c C H E M 7 2
c C H E M 7 3
c S I  T H R O  S 5 = E M P I R r C A L  C O N S T A N T S  F O R  H E A T  C A P A C I T Y  O F  E L E M E N T S C H E M 7 4
c ( A B O V E  l O n O  O K ) C H E M 7 5
c A l l  T H R U  A 5 5 = E M P I P I C A L  C O N S T A N T S  F O R  H E A T  C A P A C I T Y  O F  F L E M F N T S C H E M 7 6
c ( U P  T O  1 0 0 0  O K ) C H E M 7 7
c C H E M 7 8
R E A D 2 1 1 1 y S U  J ) , S 2 ( J ) f S 3 ( J ) , S 4 ( J ) , S 5 ( J ) , S 6 ( J ) , J C O D E ( J ) C H E M 7 9
2 1 1 1 F O R M A T ! 6 F 1 0 . 4 , I 3 ) C H E M 8 0
2 1 0 F O R M A T ! 7 E ) 0 . 8 ) C H E M 8 1
c C H E M 8 2
R F A D  2 1 D y A 1 1 ( J ) » A 2 2 ( J ) , A 3 3 ! J ) , A 4 4 ( J ) , A 5 5  ! J ) , A 6 6 ! J ) C H E M 8 3
2 0 9 C O N T I N U E C H E M 8 4
c C H E M 8 5
c C H E M 8 6
c NC I S  T H E  T O T A L  N U M B E R  O F  M O L E S  O F  G A S E S  U S E D  I N  T H E  O R I G I N A L  Î N P U C H F M 8 7
c N N  W I L L  D I F F E R  F R O M  NC O N L Y  W H E N  T R A C E  S P E C I E S  A R E  E L I M I N A T E D  F R O M C H E M 8 8
c T H E  C O M P U T A T I O N S  W H I L E  B E I N G  H E L D  I N  A T E M P O R A R Y  L O C A T I O N  U N T I L W E C H E M 8 9
c A R E  R E A S O N A B L Y  S U R E  T H A T  WE A R E  V E R Y  C L O S E  T O  T H E  M I N I M U M . C H E M 9 0
c N S  I S  T H E  T O T A L  N U M B E R  O F  M O L E S  O F  G A S F S  +  S O L I D S  B E I N G  R F A D  I N .  C H E M 9 1
c I T  W I L L  D I F F F R  F R O M  N Q  O N L Y  W H E N  T R A C E  S P E C I E S  A P P E A R . C H E M 9 2
r. C H E M P 3
c C H E M 9 4
k r e a o = o C H E M 9 5
N O = N S C H E M 9 6
N N = N C C H E M 9 7
c C H E M 9 8
c C H E M 9 9
c - R F A D  M D L F C t l L A R  W E I G H T . I N I T I A L  G U E S S , N A M E  O F  S P E C I E , A N D  C O D E C H E M 1 0 9
c TCI D E T E R M I N E  W E T H F R  T H F  S P E C I E  I S  A S O L I D  OR A G A S C H E M 1 0 1

















































N C = N O .  O F  G A S  C O M P O N E N T S
N S = N O .  OF C O N D E N S E D  P L U S  G A S  C O M P O N E N T S
M M = N O .  O F  E L E M E N T S
T Z E R O = R E F E R E N C E  T E M P E R A T U R E  ( 2 9 8 . 1 5  D K )  
R R = 1 . 9 8 7 2 6 ( C A L / G M - M 0 L E - 0 K )
I C 0 D E = 0  ( G A S ) ,  = 1  ( S O L I D )
S P C  I E  1 A N D  S P C I E 2  A R E  T H E  S P E C I E S  I D E N T I F I C A T I O N  N A M E  
DO 2 1 2  1 = 1 , N S
R E A D  2 0 8 , T L O W ( I ) , X M W ( I ) , Y ( I ) , S P C I E 1 ( I ) , S P C I E 2 ( I ) ,
1 I C O D E ( I )
2 0 8  F O R M A T I 1 0 X , 3 E 1 0 . 4 , 2 X , 2 A 3 , I A )
 R E A D  I N  E M P I R I C A L  C O N S T A N T S  F O R  T H E  E N T H A L P Y , F R E F  E N E R G Y
A N D  E N T R O P Y  F I T  O F  T H E  C H E M I C A L  S P E C I E S .
A I  T H R U  G I = E M P I R I C A L  C O N S T A N T S  F O R  H E A T  C A P A C I T Y  ( A B O V E  1 0 0 0  O K )  
R E A D  2 1 0 ,  A I ( 1 ) , R I ( I ) , C I ( I ) , 0 1 ( I ) , E I ( I ) , F I ( I ) , G I ( I )
A l l  T H R U  G I I = E M P I R I C A L  C O N S T A N T S  F O R  H E A T  C A P A C I T Y  ( U P  T O  I Q O O  OK 
R E A D  2 1 ) , A I K I ) , B I I ( I ) , C I I ( I ) , O I I ( I ) , E I I ( I ) , F I I ( I ) , G I I ( I )C
C




C A A ( I , J ) = F 0 R M U L A  N U M B E R .  I T  G I V E S  T H E  G R A M  A T O M S  O F  E L E M E N T
CHFM
C H E M
C H E M
C H E M
C H E M
C H E M
C H E M
C H E M
C H E M
C H E M
C H F M
C H E M
C H E M
C H E M
C H E M
C H E M
C H E M
C H E M
C H E M
C H E M
C H E M
C H E M
C H E M
C H E M
I C H E M
C H E M
C H E M
C H E M
C H F M
C H E M
C H E M
C H F M
CHFM
C H F M
1 0 3
104 
1 0 8  
1 0 6
1 0 7
1 0 8  




1 1 3  














































r. J  I N  S P F C T F  I . C H E M 1 3 7
c C H F M 1 3 R
R E A D  2 1 0 , ( A A ( I , J ) , C H F M 1 3 9
2 1 2 C O N T I N U E C H F M 1 4 0
r. C H E M 1 4 1
c - - R E A D  T H E  P R E S S U R E  O F  T H F  S Y S T E M . C H F M 1 4 2
c C H F M 1 4 3
R E A D 3 , R R , P C H E M 1 4 4
3 F O R M A T ! 2 F 1 4 . 8 I C H E M 1 4 5
c. C H E M 1 4 6
c C H F M 1 4 7
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C O N T I N U E H O L D 1 0 3
N N = T N H O L D 1 0 4
N L = N N + l H O L D 1 0 5
I F I K C O O E . E Q . O I G O T 0 5 6 0 0 H O L D 1 0 6
0 0  507 I = I N I T , N C O U N T H O L D 1 0 7
I F ( K C A L L . E Q . 2 ) G 0 T 0 5 0 5 1 H O L D 1 0 8
A I ( N L ) = A I ( I ) H O L D 1 0 9
A I I ( N L I = A i n  I  » H O L D 1 1 0
0 H N L ) = R I (  n H O L D 1 1 1
8 I I ( N L ) = 8 I H n H O L D 1 1 2
C l ( N L  » = C T ( n H O L D 1 1 3
C T I ( N L ) = C 1 I ( I  » H O L D 1 1 4
0 I ( N L I = 0 I C 1 I H O L D 1 1 5
0 1  H  N L ) = D I I  n  1 H O L D 1 1 6
E I ( N L ) = E I ( I ) H O L D 1 1 7
e i I ( N L ) = E I I ( l ) H O L D 1 1 8
F l ( N L ) = F i m H O L D 1 1 9
F i K N L  ) = F i n n H O L D 1 2 0
G I ( N L » = G I ( I  ) H O L D 1 2 1
G I H N L  ) =  G I I  ( 1  ) H O L D 1 2 2
S P C I E 1 C N L ) = S P C I E U  I ) H O L D 1 2 3
S P C I E 2 ( N L ) = S P C I E 2 ( I ) H O L D 1 2 4
F O R K N L  » = F O R T ( I  1 H O L D 1 2 5
[ C O D E * N L ) = T C O O E f I  » H O L D 1 2 6
X M W ( N L ) = X M W ( ! ) H O L D 1 2 7
E N T ( N L ) = E N T ( I ) H O L D 1 2 8
ENTl(NL)=ENTl(îl H O L D 1 2 9
T L O W ( N L ) = T L O W ( I ) H O L D 1 3 0
O E L H ( N L ) = D E L H ( I ) H O L D 1 3 1
P E R C ( N L 1 = P E R C ( T l H O L D 1 3 2
P E R C 1 ( N L ) = P F R C 1 ( I ) H O L D 1 3 3
M L F R C C  N L )  =  M E F R C ( 1 J H O L D 1 3 4
I F ( K S n L I D . E O . 1 » 0 0 1 0 ^ 5 1 H O L D 1 3 5
X A I  ( T ) =  A I ( I ) H O L D 1 3 6
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C0 MMinN/KA/IC0 nE(4 0 I , SPCI E U  AH I , SPCI E? (40 I ,AA(4 n,5 ),
1 ENTKAOI ,ENT(4 0 I
COMMON/KB/Al(4 0 ) ,R 1 (4 0 ),CI(4 0 I,0 I(4 0 ),EI(4 0 I,F I (40 ) ,
1 GI(4 0 ),AI I(4 0 ),BI1(4 0 ),0 1 1 ( 4 0 1 ,0 1 1 (4 0 ),El 1(4 0 ),
2 FII(4 0 ),GII(4 0 ),DELHI 4 0 ),FORT(4 0 I,C (4 0 ),TLOW(4 0 ),
3 Y(4 0 ),XMW(4 0 ),MLFRC(4 0 )
COMMON/KBB/CPDTl(5 ),PERC(4 0 ),PFRCl(4 0 )
COMMON/KC/I(CODE(4 0 ),XPCIEl(4 0 ),X PCIE2 (4 0 ),XAA(4 0 ,5 ),
1 XENT(4 0 ),XENTl(4 0 )
COMMON/KD/XAI(4 0 ),XB1(4 0 ),XC1 (4 0 ),XD1 (4 0 ),XF1(4 0 ),
1 XFI(4 0 ),XGI(4 0 ),XAII(4 0 ),X BII(4 0 ),X CI! (4 0 ),
2 XOII(4 0 ),XEII(4 0 ),XFII(4 0 ),XGII(4 0 ),XMLFR(4 0 ) 
COMMON/KDD/XDELH(4 0 ),XCPOT(4 0 ),XCPOT 1 (0 5 ),XFORT(4 0 ),
IXV(4 0 ),XC(4 0 ),XTLOW(4 0 ),XXMW(4 0 ),XPERC(4 0 ),XPERCl(4 0 ) 
CQMM0N/KF/NC,NS,MM,RR,MM1,NO,NN,KW,IN,KOUT,KCnOE,KSOL10 
DIMENSION YTRACE(4 0 ),PI(7 )
REAL MLFRC 
L 1=IN+1
STORE THE VALUES OF 
BY THF CALCULATIONS
Y(I) OF THE SOLID SPECIES BEFORE BEING ERASED 
OF THE TRACE SPECIES WHICH FOLLOWS,
7427 
742 8
IF(KCODE,FO.O)GOT0 7 4 2 B
MP=NC-U
L 4=NN+1
DO 7427 I=L4 ,N0 
XY(NP)=Y(I I 
XPERC(NP)=PFRC(I) 
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SU8R0IJTTNE Tl N V ( A » N f R f M, N M A  X ) M A T ! 1
c M A T T 7
c M A T T 3
c M A T R I X  I N V E R S I O N  W I T H  A C C O M P A N Y I N G  S O L U T I O N  O F  L I N E A R  E Q U A T I O N S M A T ! 4
01 ME NSI ON A ( 7 , 7 ) , R ( 7 , 1 ) , I P I V 0 T I 7 ) , I N D E X (7,2) M A T I 5
E Q U I V A L E N C E  ( I R O W , J R O W ) , ( I C O L U M , J C O L U M ), ( A M A X ,T ,S W A P ) MATI 6
c MATI 7
c INITlALIZATION MATI 8
c MATI 9
5 ISCALE=0 MATI 10
6 R 1= 1 0 .0**18 MATI 11
7 R2=l.'i/Rl MATI 12
10 DETERM=1.0 MATI 13
15 00 20 J=1 ,N MATI 14
20 TPIVOTIJ)=0 MATI 15
30 DO 550 1=1 ,N MATI 16
c MATI 17
c SEARCH FOR PIVOT ELEMENT MATT 18
c MATT 19
40 AMAX=0.0 MATI ?n
45 00 105 J=1,N MATI 21
50 IF (IPIVOT(J)-l)6 ^,105,60 MATI 22
60 00 100 K=1 ,N MATI 23
70 IF (IPIVnT{K)-l)fl0 ,1 00,740 MATI 24
80 IF IABSIAMAX)-ABS(A(J,K))1 8 5 ,1 00,100 MATI 25
85 IROW=J MATI 26
90 ICOLUM=K MATI 27
95 AMAX=A(J,K) MATI 28
100 CONTINUE MATT 29
105 CONTINUE MATT 30
IF ( AMAX) n  ,  106,110 MATT 31
l 06 OETERM='''.'’ MATT 32
I SCALF='' MATI 33
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CHEMICAL EQUILIBRIDM ANALYSIS NOMENCLATURE
MAIN;
AA(I,J); Formula number. Gives the gram atoms of 
element J in Species I.,
AI...GI: These are the seven empirical constants for
the high temperature fit (1000°K-6000°K) for the free ener­
gy functions. The first five constants (AI through El) are 
used for the heat capacity fit.
All...GII: These are the seven empirical constants for
the low temperature fit (300°K-1000®K) for the free energy 
function.
All...A66: These are the six empirical constants for
the Enthalpy fit of the constituent elements (300°K-1000°K).
B(J,1): Is the vector formed from the right hsmd side
of Equations in Table 4-1.
B B (J): Gram atoms of the constituent element J.
BETA: Criteria for convergence. It varies if conver­
gence has not been achieved after 100 iterations.
C(I): Defined by Equation (4-12).
CRIT: Initial criteria for convergence.
PELT(I): Difference between the values of Y (I) and the
calculated value of X(I) (gram/moles).
DFDL: Is the gradient dF/dX defined by Equation (4-41).
DEBAR; Is the sum of DELT(I) (gram/moles).
ENT(I); Is the heat of formation of species I, 
(calories/gram-mole).
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SNTl(I); The enthalpy of each species I, (calories/ 
gram-mole).
ENTGAS: The total enthalpy of the gas mixture,
(calories/gram-mole).
ENTRPY; The total entropy of the gas mixture, 
(calories/gram-mole °K).
FY(I); Defined by Equation (4-11).
FORT(I) ; Is fÇ/RT.
FSÜM(I); Is the sum of the first two terms of the 
right hand side of Equation (4-32).
GSÜM2; Is the total free energy of the system at 
equilibrium, (calories/gram-mole).
H: This variable is used for restricted equilibrium,
and is the heat balance constraint (cal/gram-mole of po­
lymer) .
ICODE (I) : Is a code used to identify whetiier a specie
is a gas or a solid. If ICODE is zero, the species is a 
gas. If ICODE is one, the species is a solid.
IPUNCH; If IPÜNCH is one, punch output. Otherwise, 
IPUNCH is zero.
JCODE; Is a code used to identify whether the re­
ference state of the constituent elements are in the gas or 
in the solid state.
KOUT; When KOÜT is zero, trace species computations 
are bypassed. When KOÜT is one, trace species are computed 
after convergence to equilibrium has been achieved,
KCODE: When the system is an all gas system KCODE is
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is zero. When there is a solid, KCODE is one. This is
used to adjust the size of the matrix that needs to be in­
verted .
MM; Is the number of elements.
MAXNT: Number of iterations after which the criteria
for convergence CRIT is adjusted.
MLFRC(I): Mole fraction of species I in the mixture.
NA: Is the size of the R matrix.
NC: Number of gas species read in.
NN: Number of gas species remaining after trace
species are eliminated.
NQ: Is the total number of gas and solid species
after trace species are eliminated.
NS: Is the total number of gas and solid species read
in.
NT: Total number of iterations.
NFREQ: Number of iterations after which the system is
checked for trace species.
P: Pressure of the system in atmosphere.
PI: The Lagrange Multipliers.
R: Is the matrix formed from the coefficients of the
Equations in Table 4-1.
S(I): Entropy of species I.
SI...36: These are the six empirical constants for
the enthalpy fit of the constituent elements (1000°K- 
6000OK).
SPECIE(I): Specie identification number.
R e p r o d u c e d  w i t h  p e r m i s s i o n  o f  t h e  c o p y r i g h t  o w n e r .  F u r t h e r  r e p r o d u c t i o n  p r o h i b i t e d  w i t h o u t  p e r m i s s i o n .
636
T; Temperature in ®K.
TLOW(I); Maximum temperature of low temperature fit 
for species I.
X(I); Calculated value of the moles of species I.
XMW(I); Molecular weight of species I.
Y (I); Moles of Y (I) guessed; or improved values of 
Y(I), based on the calculated values of X(I).
THERMO; Only those variables not previously defined 
will be mentioned in this section. This subroutine calcu­
lates the thermodynamic properties of the gas-solid system.
ENTl(I); Enthalpy of species I. (Calories/gram-mole)
CPDTl(J); Sensible enthalpy gain by the constituent 
elements. (Calories/graun-mole) .
HOLDl: This subroutine stores the variables of the
trace species in temporary location.
IICODE(I): Temporary location of ICODE(I).
XAA(I/J); Temporary storage for AA(I,J).
XAI...XGI: Temporary storage location for AI...GI.
XC(I): Temporary storage location for C(I).
XXMW(I): Temporary storage location for XMW(I).
XFORT(I): Temporary location for FORT(I).
XPCIEl(I): Temporary storage location for SPCIEl(I).
TRACE; This subroutine computes the value of the trace 
species once convergence to the minimum free energy has 
been achieved.
YTRACE(I); Value of the moles of Y (I) calculated for
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the trace species.
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I N P U T  F O R M A T  F O R  T H E  C H E M I C A L  E Q U I L I B R I U M  P R O G R A M
This program calculates the equilibrium composition of 
any system at specified temperatures and pressures. Multi­
ple cases cam be run with the same data base by specifying 
the initial temperature at which equilibrium composition is 
desired, the temperature increment and the final temperature.
CARD 1 ; FORMAT (5F10.4,3I6) COLUMNS ;
XT = Initial Temperature (°K). 1-10
TMAX = Final Temperature (°K). 11-20
TINC « Temperature Increment (°K) 21-30
CRIT = Convergence Tolerance (0.001
moles is recommended). 31-40
TZERO = Reference Temperature (298.16°K) 41-50
NC = Number of Gas Components 51-56
MM = Number of Elements 57-62
NNS = Number of Solid Species 63-68
CARD 2 ; FORMAT (16, F10.5, 13)
IHCODE = 1 (Restrictive Equilibrium Option) 
otherwise, leave blank. 6
H = Enthalpy for Restrictive Equili­
brium Option. 7-16
IPUNCH = 1> Punch Mole Fraction and 
species name, otherwise, 
leave blank. 19
CARD 3 ; Reads the empirical constants for the heat ca­
pacity of the reference elements for the temperature range
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1000°K to 6000®K. These are stored in the constants SI 
through 36. If the reference element is a solid, JCODE 
should be set to one. CARD 3 is read MM number of times.
CARD 3; FORMAT (6E10.4, 13)
S1(J)
82 (J) = I Empirical constants for the 
heat capacity of the refe-3 3 (J) =
34(J) = V rence elements for the 
35(J) = temperature range 1000°K 
36(J) = J to 6000®K.
JCODE(J) = Zero if reference element is 










CARD 4: FORMAT (6E10.4)
All(J) __ *> 1-10
A22(J) S Empirical constants for the 11-20
A33(J) ^heat capacity of the refe­ 21-30
A44 (J) rence elements for the 31-40
A55(J) temperature range 298®K to 41-50
A6 6 (J) 1000°K. 51-60
CARD 4, as with CARD 3, is read in MM number of
CARD 5: FORMAT (10x,3E10.4,2x,2A3,I4)
TLOW(I) S Maximum temperature of low tem­
perature fit (usually 1000°K) 11-20
YMW(I) = Molecular weight of species 21-30
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y (I) = Mole fraction of species 
SPCIEl(I) = Alphameric representation 
SPCIE2(I) = of chemical species
C O L U M N S :
31-40
41-43
ICODE(I) = Zero for a gas, one for a 
solid or liquid species.
51
CARD 6 : FORMAT (7E10.4)
AI(I) 1-10
Bid) = , Empirical constants for the 11-20
Cl(I) = free energy fit of the che- 21-30
DI(I) = y mical species for the 31-40
El(I) = temperature range of lOOO^K 41-50
FI (I) = to 6000°K. 51-60
GI(I) =y 61-70
CARD 7: FORMAT (7E10.4)
All (I) = 1-10
BII(I) = 1 Empirical constants for the 11-20
CII(I) = free energy fit of the che- 21-30
DII(I) = >mical species for the 31-40
EII(I) = temperature range of 298°K to 41-50
FII(I) = 1000 °K. 51-60
GII (I) =J 61-70
CARD 8 : FORMAT (8E10.4)
AA(I,1)
AA(I,2)
Formula number of the 
= Ith species (continued).
1-10
11-20
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C O L U M N S  ;
AA(I,3) = 21-30




CARDS 5/ 6, 7 and 8 are read.
CARD 9; FORMAT (2F14.8)
RR = 1.98726 1-14
P ~ Pressure in atmospheres. 15-28
CARD 10; FORMAT (16)
NFreQ = Maximum number of iterations. 1-6
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FO/R T INITIAL Y(ID
1 CH3 -0 .2 1 2 5 5 1 6 E 02 0 .9 9 9 9 9 9 6 E-01
2 CH4 -0 .3 3 9 0 2 6 3E 02 0 .9 9 9 9 9 9 6 E-01
3 C2H -0 . 1 6 2 0 0 lOE 01 0 .9 9 9 9 9 9 6E-01
4 C2H2 -0 . 1 7 9 5 2 4 1F 02 0 .9 9 9 9 9 9 6E-01
5 H 2 -0 .1 9 4 6 5 8 7Ê 02 0.5 000 0 0 0 E 00
6 H -0 .3 3 0 6 9 8 3 E 01 0 .1 8 1 7 8 5 7E 01
7 H20 -0 .4 1 9 9 3 9 9 E 02 0 .5 0 0 0 0 0 0 E-01
8 OH -0 .2 3 5 5 8 0 9 E 02 0 .9 9 9 9 9 9 6E-01
9 CO -0 .3 4 3 3 7 2 2F 02 0 . 1 7 8 1 2 5 0E 01
10 C02 -0 .5 5 3 4 6 8 9 E 02 0 .9 9 9 9 9 9 6 E-01
11 C2 H4 -0 .3 2 4 0 7 14F 02 0 .9 9 9 9 9 9 7 E-07
12 SIH -0 .5 3 3 7 7 C8F 01 0.9 9 9 9 9 9 7E-07
13 SIH4 -0 .3 1 0 7 2 19E 02 0 .9 9 9 9 9 9 7 E-07
14 SIO -0 .3 5 0 3 5 2 6 F 02 0 .5 0 0 0 0 0 0E-01
15 5102 -0 .5 4 8 9 3 5 7 E 02 0 .5 0 0 0 0 0 0E-01
16 SI -0 .5 3 3 3 5 9 9E 01 0 .1 2 4 5 6 7 3 E 01
17 C -0 .2 7 7 0 9 7 7 E 01 0 . 1B1 9 4 0 2E 01
(DQ. NT = Nf). ITERATIONS REQUIRED = IS U=X/Y= 0 . 9 9 9 9 9 9 2
T3(D
W(/)
RB(J ) = 
BB(J)= 
BBIJ ) = 
BBlJ ) =
4 . 3 0 0 6 5 0 6 0  
4 . 0 1 7 8 5 4 6 9  
2 . 2 8 1 2 4 8 0 9  
1 . 3 4 5 6 7 2 6 1
BETA = 0 . 1 3 5 8E-03 TOTAL NO. OF MOLES= 7 . 6533 H= C.O
FREE ENERGY F ( V >  OE THE SYSTEM AT EQUILIBRIUM = -0 .1 3 3 5 1 4 4 0E 03
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APPENDIX F
METHOD FOR ESTIMATING 
PYROLYSIS PRODUCT COMPOSITION
Estimating the Pyrolysis Composition for a 40 Percent by 
Weight Nylon, 60 Percent by Weight Phenolic Resin
The most direct method of determining the products of 
degradation is the analysis by pyrolysis gas chromatogra­
phy. This has been done by Sykes (1, 2) in which the hot 
degradation products were injected directly into the gas 
chromatograph. However; even with this procedure certain 
amount of condensation of heavy molecular weight species 
occur which remain unidentified and a possible source of 
error. The method has, however, reduced the total amount 
of unidentified material. Sykes has reported typical pyro­
lysis gas compositions for eighty-three percent of the 
total decomposition products evolved during the thermal 
degradation of nylon-phenolic resin composites (1, 2). The 
remaining seventeen percent was reported as an unidentified 
dark, tarry substance. This data is presented in Table F-1. 
The data of Friedman (5) for phenolic resin is presented in 
Table F-2 and there are fifteen percent unidentified mate­
rials. In addition, the data of Friedman (5) for nylon 
phenolic resin is presented in Table F-3. April (3) estima­
ted a pyrolysis gas composition for his experimental work,
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T A B L E  F - 1 ; Pyrolysis product composition resulting 
from the degradation of a 40 percent 
nylon, 60 percent by weight phenolic 
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T A B L E  F - 3 : Pyrolysis product composition resulting 
from the degradation of nylon phenolic 
resin, as reported by Friedman (5).
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TABLE F-2 Pyrolysis product composition resulting 
from the degradation of phenolic resin, 
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based on a comparison of the experimental and calculated 
heat of pyrolysis. His approach was, knowing the heat of 
pyrolysis, or heat of degradation, the heat of formation 
of these species and the reported analytically determined 
composition, estimate a new composition in such a way that 
the experimental and calculated values of the heat of 
pyrolysis agree within a few percent. His results are 
shown in Table F-4.
Since the compositions reported by Sykes (1, 2) and 
Friedman (5) have unidentified products and since the 
composition of April (3) does not agree with the elemental 
balance, a new composition based on the elemental balance 
constraints was arrived at in this research. The elemental 
composition for a 40 percent nylon, 60 percent by weight 
phenolic resin is shown in Table F-5. It is shown that for 
every 100 grams of polymer there are 73.80 grams of carbon, 
7.36 grams of hydrogen, 3.95 grams of nytrogen and 14.89 
grams of oxygen. The procedure is then to distribute the 
gram of these elements to each of the identified species in 
such a way that the elemental balcuice requirements are 
satisfied. A more detailed presentation is given by 
Hacker, at. al. (6).
Distribution of Oxygen Element
To accomplish the distribution of the oxygen element, 
an initial estimate based on the data of Table F-2 through 
Table F-4 is used. Table F-6 shows the initial estimate
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TABLE F-5: Elemental composition of a 40 percent nylon, 
60 percent by weight phenolic resin 
composite.
ELEMENT MOLES ELEMENT 
MÔLE 0¥ PÔLŸMER
MASS ELEMENT 
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TABLE F-6 ; Initial and final estimates of the composi­
tion of the oxygen containing species.




Carbon Dioxide 5 4.61
Carbon Monoxide 5 4.66
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and the adjusted final estimate which satisfies the 
elemental balance on oxygen. The dimethyl phenol, and 
trimethyl phenol were lumped into phenol for lack of 
thermodynamic data on these species. The total number of 
grams distributed among these species is 14.89.
Distribution of Hydrogen
The number of grams of hydrogen to be distributed 
among the hydrogen containing species is 7=36. However, 
only 4.80 grams are available since 2.86 grams were 
already distributed in phenol and water. The results of 
this distribution is shown in Table F-7.
Distribution of Nitrogen
The only nitrogen containing species is Nitrogen (N^) 
and the grams are 3.95 as shown in Table F-5.
Distribution of Carbon
The total grams of carbon available is 73.80. Of these, 
34.50 have been distributed among some of the oxygen and 
hydrogen containing species, which are also carbon contain­
ing species. Hence, this leaves 39.30 grams of carbon 
which are to be assigned to the carbon species. The 
composition of all the species is presented in Table F-8.
R e p r o d u c e d  w i t h  p e r m i s s i o n  o f  t h e  c o p y r i g h t  o w n e r .  F u r t h e r  r e p r o d u c t i o n  p r o h i b i t e d  w i t h o u t  p e r m i s s i o n .
6 5 6
TABLE F-7: I nitial a nd final e s t i m a t e  o f  the c o m p o s i t i o n  
o f  the h y d r o g e n  c o n t a i n i n g  species.
IN I T I A L  E S T I M A T E  
(%)
F I N A L  E S T I M A T E  
(%)
M e t h a n e 3 3.87
A c e t y l e n e 3 3.89
E t h y l e n e 3 3.89
E t h a n e 0.5 0.65
B e n z e n e 2 2.58
H y d r o g e n 2 2.58
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TABLE F - 8 ; E s t i m a t e  o f  the r e p r e s e n t a t i v e  c o m p o s i t i o n  of 
the p y r o l y s i s  p r o d u c t s  for a 40 p e r c e n t  nylon, 
60 p e r c e n t  b y  w e i g h t  p h e n o l i c  r e s i n  a b l a t i v e  
composite.
Species M a s s  P e r c e n t M o l e  P e r c e n t
H 2 2.57 20.92
CB* 3.86 3.90
C 2H 2 3.88 2.41
C 2H 4 3.88 2.24
CzHg 0.64 .35
CsHg 2.57 .53
C g H g O H 23.10 3.97
C O 4.65 2.40
C O 2 4.60 1.69
H 2 O 7.29 6.45
N 2 3.95 2 . 2 0
C(solid) 39.01 52.94
E l e m e n t E l e m e n t a l  C o m p o s i t i o n  (mass percent)
C 73.80
H 7 = 36
0 3.95
N 14.3:
T ot a l 1 0 0 . 0 0
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A P P E N D I X  G 
R E S T R I C T I V E  E Q U I L I B R I U M  A N A L Y S I S  
In C h a p t e r  IV the equations for the chemical e q u i l i ­
b r i u m  analysis w e r e  developed. The analy s i s  d e v e l o p e d  in 
C hapter IV consists of finding the e q u i l i b r i u m  c o m p o sition  
of a m u l t i c o m p o n e n t ,  po l y p h a s e  s y stem b y  m i n i m i z i n g  the 
free energy.
In r e f e r e n c e  (1) a m e t h o d  d e v e l o p e d  b y  del V a l l e  and 
Pike w as p r o p o s e d  w h e r e b y  a r e s t r i c t e d  e q u i l i b r i u m  state is 
defined. This e q u i l i b r i u m  state is d e f i n e d  b y  a d ding to the 
free e n ergy m i n i m i z a t i o n  a l g o r i t h m  an a d d i t i o n a l  constraint; 
this c o n s t r a i n t  is in the n a ture of an e n e r g y  b a l a n c e  
constraint.
This c o n s t r a i n t  adds one extra e q u a t i o n  to t he free 
energy m i n i m i z a t i o n  technique. This t e c h n i q u e  w a s  imple m e n ­
ted at the s u g g e s t i o n  of Swann from N A S A  (2). T he reason for 
his sugg e s t i o n  w as that at l ow t e m p e r a t u r e s  t he equilibritim 
c o m p o s i t i o n  of t h e  d e g r a d a t i o n  p r o d u c t s  o f  n y l o n - p h e n o l i c  
resins a re n o t  in a g r e e m e n t  w i t h  e x p e r i m e n t a l l y  d etermined 
values. In t r y i n g  to improve t he a g r e e m e n t  t he approach 
b r i e f l y  d e s c r i b e d  in this appen d i x  w a s  proposed. Therefore, 
it w as d e v e l o p e d  for heu r i s t i c  r easons a nd n o t  for i ts 
t heoretical value.
Heat B a l a n c e  C o n s t r a i n t
T h e  h e a t  o f  p y r olysis of a d e g r a d i n g  p l a s t i c  can be
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c o m p u t e d  u s i n g  the f o l l o w i n g  e q u a t i o n  (3):
298 K
1 Æ
Z {z-P ^ AHf < + J  x  _ ^ Cn 4 dT} (G-1)
2980%
j = l  a * f , i  » r , j
w h e r e  the su b s c r i p t  p and r d e note produ c t s  a nd re a c t a n t s  
r espectively, q  the total n u m b e r  of species p r e s e n t  in the 
p y r o l y s i s  produ c t s  and 1 the to t a l  n u m b e r  of c o m p o n e n t s 
in the ablat i v e  composite. F o r  n y l o n - p h e n o l i c  resin c o m ­
posites, the temperature, T_, w h e r e  t he de g r a d a t i o n  starts, 
is a p p r o x i m a t e l y  300°C, a nd the final temper a t u r e  is 
a p p r o x i m a t e l y  1000°C. P y r o l y s i s  produ c t s  are g e n e r a t e d  
o v e r  this t e m p e r a t u r e  ran g e  a n d  is the ap p r o p r i a t e  
a verage temper a t u r e  w h i c h  g i v e s  the c o r r e c t  e n ergy 
assoc i a t e d  w i t h  the py r o l y s i s  products. It w a s  d e t e r m i n e d  
to b e  700°C as a w e i g h t e d  a v e r a g e  b a s e d  on the m a s s  loss
r a t e  (3). Re a r r a n g i n g  E q u a t i o n  G-1 gives,
2 9 8 °K
i .  1 % , i  "  I C p,i dT' (G-2)
2 98 0 R
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The loft h a m d  side of E q u a t i o n  (G-2) is k n o w n  from 
ex p e r i m e n t a l l y  d e t e r m i n e d  values. Lets d e f i n e  as
the left heuid side, and let's d r o p  the s u b s c r i p t  p  on the 
X's since w e  are goi n g  to deal o n l y  w i t h  t h e  products,
T
298°K
N o t i c e  t h a t  t he X^'s are unknown. Hctcjover, the r i g h t  
h a n d  side of t h e  e q u a t i o n  w h i c h  is u n k n o w n  m u s t  s atisfy 
the left h a n d  s i d e  w h i c h  is known. E q u a t i o n  (G-3) can b e  
e x p a m d e d  t o  t he f o r m  below:
r
=  +  j  C p , i  +
298°K
^m+1 X=i.
Z {xi AH. j +  X . dT} (G-4)
i=n+l i P ' i
2 9 8 °K
N o t e  that E q u a t i o n  (G-4) h as b e e n  w r i t t e n  in the same 
f o r m  az; t he m a t e r i a l  b a l a n c e  e x p r e s s i o n  s h o w n  in E q u a t i o n  
(4-1). This s i m p l i f i e d  c o n s i d e r a b l y  t he final f o r m  of the 
equations to b e  solved.
In addition, d e f i n e  Hy, as: 
T
r
2 9 8 ° K
H ^ =  A H^ 1 + \ 4 dT
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This is done to a v o i d  c a r r y i n g  the i n t e g r a l  t e r m  in 
t he derivation; a nd the r e s u l t i n g  e q u a t i o n  is:
V l  ' ? , +  Î H  (G-5)
1 = 1 i=n+l
L a g r a n g e  M u l t i p l i e r  F o r m u l a t i o n  and M i n i m i z a t i o n
T o  f o r m  the a u g m e n t e d  function, the a d d i t i o n a l  c o n s ­
traint, E q u a t i o n  (G-5) is a d d e d  to E q u a t i o n  (4-25) a nd  
this results:
m  1
G(X) = Q(X) + Z %. (b. - Z Xj) +
j=l ]  ̂ i =l ^  ^
1
V + 1  t^n+ 1  Z % i  ®i^
1= 1
F o l l o w i n g  a s i m i l a r  p r o c e d u r e  to t h a t  d e v e l o p e d  in 
C h a p t e r  I V  the r e s u l t i n g  s e t  o f  e q u ations t o  b e  s o l v e d  is 
as fol l o w s  :
m  I n
Z r^v II. +  b i u  +  S a. .X. =  bj^+ Z a. f A ' i )  
j=l ^  i=n + l  ^ i=l IK
k = l . . . m  (G"7)
^  ' i k  ’ j + " k "  +  L + l  °  " k  ^ L
k  =  m + 1  (G-8 )
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m + 1  n
I b.%. =  Z f, (Y) (G-9)
j=l J ^ i=l 1
m + 1
z ?. = {—  }, i = n +l...l (G-10)
j=l ij j RT 'i
It s h o u l d  b e  n o t e d  t h a t  E q u a t i o n s  (G-7) a nd (G-8 ) have
the s a m e  form. However, t h e y  are s h o w n  to e m p h a s i z e  the
d i f f e r e n c e  b e t w e e n  t he a,, 's. T he a., 's for k < m  are theik ik —  ■
f ormula n u m b e r s  as d e f i n e d  in C h a p t e r  IV. B u t  = H^.
C o m p a r i s o n  of Re s u l t s  A m o n g  Equi l i b r i u m ,  R e s t r i c t e d  
E q u i l i b r i u m  A n a l y s i s  a nd E x p e r i m e n t a l  Results
The c h e m i c a l  c o m p o s i t i o n  o f  t h e  p y r o l y s i s  produ c t s  
r e s u l t i n g  f r o m  the d e g r a d a t i o n  o f  a 40 p e r c e n t  nylon, 60 
p e r c e n t  p h e n o l i c  r e s i n  a b l a t i v e  c o m p o s i t e  a nd c o m p u t e d  b y  
a r e s t r i c t e d  e q u i l i b r i u m  analysis is p r e s e n t e d  in this 
section. T h e  c o m p u t a t i o n s  h a v e  b e e n  d o n e  for two d e c o m ­
p o s i t i o n  t e m p e r a t u r e s  b e c a u s e  of t h e  u n c e r t a i n t y  i n v o l v e d  
in the p r o p e r t i e s  to c a l c u l a t e  the a v e r a g e  temperatures.
In a d d i t i o n  t wo d i f f e r e n t  e n ergy c o n s t r a i n t s  w e r e  u s e d  
b e c a u s e  of u n c e r t a i n t i e s  in the h e a t  o f  pyrolysis. The 
a s s u m e d  a v e r a g e  t e m p e r a t u r e s  w e r e  6 0 0 ®  a nd 700°C a n d  the 
e n e r g y  c o n s t r a i n t s  w e r e  -17,000 a n d  -2 9 , 0 0 0  c a l o r i e s / g r a m -  
m o l e  o f  p o l y m e r  w h i c h  c o r r e s p o n d  to -228 a n d  -390 B T U / l b  of 
composite. T h e  r e s u l t s  are p r e s e n t e d  in Ta b l e  G-1 a n d  
Table G-2.
In T a b l e  G-1 a c o m p a r i s o n  of r e s t r i c t i v e  e q u i l i b r i u m  
w i t h  t h e  e x p e r i m e n t a l  d a t a  o f  Sykes (4, 5) is g i v e n  for two



























T A B L E  G-1: C o m p a r i s o n  o f  R e s t r i c t e d  E q u i l i b r i u m  A n a l y s i s  C o m p o s i t i o n s  w i t h  
t h e  E x p e r i m e n t a l  D a t a  o f  S y k e s  (4,5) f o r  a 40% N y l o n ,  60% 
P h e n o l i c  R e s i n  C o m p o s i t e  a t  a  T e m p e r a t u r e  o f  7 0 0 ^ C  a n d  ,1 atm.
R e s t r i c t e d  E q u i l i b r i u m  
M a s s  F r a c t i o n  for 
H  « - 2 9 , 9 9 9  cal/roole
R e s t r i c t e d  E q u i l i b r i u m  
M a s s  F r a c t i o n  f or 
H  = - 1 7 , 0 0 0  c a l / m o l e E x p e r i m e n t a l
S p e c i e s o f p o l y m e r o f  p o l y m e r M a s s  F r a c t i o n
P h e n o l 1 0 - 1 3 1 0 - 1 3 0 . 1 1 8
M e t h y l  P h e n o l - - 0.064
P h e n o l - - 0 . 0 5 1
T r i m e t h y l  P h e n o l — — 0 . 0 4 1
B e n z e n e 1 0 - 1 7 1 0- 1 7 0 . 0 0 3
T o l u e n e 1 0 - 1 3 1 0 - 1 3 0 . 0 0 1
C y c l o p e n t a n o n e — 0 . 0 2 9
M e t h a n e 0 . 0 2 5 0.024 0 . 0 1 0
H y d r o g e n 0 . 0 6 5 0 . 0 6 6 0 . 0 1 0
C a r b o n  M o n o x i d e 0 . 2 0 5 0 . 2 1 0 0 . 0 2 1
C a r b o n  D i o x i d e 0 .0 1 4 0 . 0 1 2 0 .0 6 7
W a t e r 0 . 0 2 1 0 . 0 1 9 0.062
NH~
Mg'
10-4 10-4 0 . 0 0 2
0 .0 3 9 0 . 0 3 8 —
U n i d e n t i f i e d - - 0 . 1 8 1




energy co n s t r a i n t s  (H = -17,000 and -29,000 cal/mole of 
polymer) at a t e m p e rature of 700®C. T he results show an 
o rd e r  o f  m a g n i t u d e  agreement w i t h  the low m o l e c u l a r  w e i g h t  
species i d e n t i f i e d  b y  Sykes (4, 5). T h e s e  are methane, 
hydrogen, c a r b o n  monoxide, c a rbon dioxide, w a t e r  and a m m o ­
nia. T h e  a g r e e m e n t  w i t h  the h i g h  m o l e c u l a r  w e i g h t  species, 
phenol, toluene, benzine, etc., w as r a t h e r  poor. The 
change in the e n e r g y  constraint, H, f r o m  -17,000 to -29,000 
c a l / m o l e  of p o l y m e r  has d i f f e r e n t  and o p p o s i t e  effects in 
several o f  the species. For excunple, an increase in the 
va l u e  o f  H h a d  t h e  e f f e c t  of d e c r e a s i n g  t he amount of 
hydrogen, c a r b o n  a nd csurbon m o n o x i d e ,  w h i l e  incr e a s i n g  the 
c o n c e n t r a t i o n s  o f  c a rbon d i o x i d e  aind water. It should b e  
n o t e d  t h a t  t he m a s s  fraction o f  u n i d e n t i f i e d  species plus 
t h a t  of c a r b o n  m a k e s  u p  0.521 o f  t h e  tot a l  m a s s  fraction 
of the e x p e r i m e n t a l  composition, w h i l e  the r e stricted e q u i ­
l i b r i u m  p r e d i c t s  a m a s s  fraction of 0.634 carbon. It 
should b e  further n o t i c e d  t h a t  t h e  m a s s  of n i t r o g e n  m a k e s  
up a b o u t  four p e r c e n t  of the mixture. N o  nitro g e n  w as  
r e p o r t e d  in the e x p e rimental r e s u l t s  (4, 5).
In Tab l e  G-2 a similar c o m p a r i s o n  is made, b u t  the 
d e c o m p o s i t i o n  zone temper a t u r e  is t a k e n  to b e  SOO^c. A g a i n  
an o r d e r  of m a g n i t u d e  a g r e e m e n t  is o b s e r v e d  among the 
c o m p o s i t i o n  o f  t h e  lower m o l e c u l a r  w e i g h t  species. C h a n g i n g  
H a f f e c t s  the c o m p o s i t i o n  in t h e  same f a s h i o n  as w a s  for 
the 700 ° C  case.






















T A B L E  G-2: C o m p a r i s o n  o f  R e s t r i c t e d  E q u i l i b r i u m  A n a l y s i
t h e  E x p e r i m e n t a l  D a t a  o f  S y k e s  (4,5) f o r  a 
P h e n o l i c  R e s i n  C o m p o s i t e  a t  a T e m p e r a t u r e
8 C o m p o s i t i o n s  w i t h  
40% N y l o n ,  60% 
o f  6 0 0 ° C  a n d  .1 atm.
R e s t r i c t e d  E q u i l i b r i u m R e s t r i c t e d E q u i l i b r i u m
M a s s  F r a c t i o n  f or M a a s  F r a c t i o n f o r
H  = - 2 9 , 0 0 0  c a l / m o l e H  = - 1 7 , 0 0 0 c a l / m o l e E x p e r i m e n t a l
S p e c i e s o f  p o l y m e r o f  p o l y m e r M a s s  F r a c t i o n
P h e n o l 1 0 " 1 3 1 0 - 1 3 0 . 1 1 8
M e t h y l  P h e n o l - - 0.064
D i m e t h y l  P h e n o l — 0 . 0 5 1
T r i m e t h y l  P h e n o l 1 0 - 1 3 10- 1 3 0. 0 4 1
B e n z e n e 10- 1 3 1 0 - 1 3 0 . 0 0 3
T o l u e n e 10- 1 3 10 - 1 3 0 . 0 0 1
C y c l o p e n t a n o n e - — 0.0 2 9
M e t h a n e 0.0 3 9 0.036 0 . 0 1 0
H y d r o g e n 0 . 0 6 0 0 . 0 6 1 0 . 0 1 0
C a r b o n 0.1 6 0 0.167 0 . 0 2 1
C a r b o n  D i o x i d e 0.0 2 7 0,024 0.0 6 7
W a t e r 0.038 0.036 0 . 0 6 2
N H 3 10-4 10-4 0 . 0 0 2
N 2 .040 .040 —
U n i d e n t i f i e d ' 0 . 1 8 1
C a r b o n 0 . 6 3 5 0 .6 3 5 0 . 3 4 0




In general, r e s t r i c t e d  e q u i l i b r i u m  p r o v i d e d  an ord e r  
o f  m a g n i t u d e  a g r e e m e n t  for the c o m p o s i t i o n  of low m o l e c u l a r  
w e i g h t  compound. It f a iled to g i v e  any a g r eement w i t h  the 
h i g h e r  m o l e c u l a r  w e i g h t  component.
In tab l e  G-3 a c o m p a r i s o n  of r e s t r i c t e d  e q u i l i b r i u m  
w i t h  the g eneral e q u i l i b r i u m  a n a l y s i s  is given. It is 
s ho w n  t h a t  the comp o s i t i o n s  a r e  w i t h i n  an or d e r  of m a g n i ­
t u d e  of each other. T he o n l y  m a s s  f r a c t i o n  that is the 
same is t h a t  of nitrogen, si n c e  it is p r a c t i c a l l y  an inert, 
and t h a t  of carbon w h i c h  agrees w i t h i n  one percent.
R e p r o d u c e d  w i t h  p e r m i s s i o n  o f  t h e  c o p y r i g h t  o w n e r .  F u r t h e r  r e p r o d u c t i o n  p r o h i b i t e d  w i t h o u t  p e r m i s s i o n .
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TABLE G-3: C o m p a r i s o n  o f  R e s t r i c t e d  E q u i l i b r i u m  A n a l y s i s  
W i t h  the G e n e r a l  E q u i l i b r i u m  A n a l y s i s  for a 
40% Nylon, 60% P h e n o l i c  Resin C o m p o s i t e  at 
7 0 0 ° C  a nd 1 atmosphere.
Re s t r i c t e d  E q u i l i b r i u m  
M a s s  F r a c t i o n  for 
H  —  — 29/000 cal/mole 
Species of p o l y m e r
E q u i l i b r i u m




Met h a n e 0.025 0.043
Hydr o g e n 0.065 0.059
C a r b o n  M o n o x i d e 0.205 0.150
C a r b o n  D i o x i d e 0.014 0.031




R e p r o d u c e d  w i t h  p e r m i s s i o n  o f  t h e  c o p y r i g h t  o w n e r .  F u r t h e r  r e p r o d u c t i o n  p r o h i b i t e d  w i t h o u t  p e r m i s s i o n .
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APPE N D I X  H
E Q U I L I B R I U M  COîîVERSIONS OF C A R B O N - H Y D R O G E N -  
O X Y G E N - N I T R O G E N  REACTIONS
This a p p e n d i x  prese n t s  the e q u i l i b r i u m  conver s i o n s  at 
temperatures b e t w e e n  500®K and 3 0 0 0 ® K  for 100 chemical r e a c ­
tions in the C - H - O - N  system.
The re s u l t s  pre s e n t e d  in this a p p e n d i x  w e r e  used as a 
tool to h e l p  s e l e c t  the reactions of impo r t a n c e  for the 
kinetics model. T h i s  is b y  no m e a n s  an e x h a u s t i v e  search 
but it is i n deed an extensive one.
Sou r c e s  of these reactions w e r e  too m a n y  and v a r i e d  to 
list t h e m  all. However, there w e r e  several sources that 
were e x t e n s i v e  surveys of chemical reactions. One w as a 
very s p e c i a l i z e d  s u r v e y  done b y  P i k e  (1) c o v e r i n g  possible 
reactions r e s u l t i n g  from the d e c o m p o s i t i o n  pro d u c t  of 
charring ablators. Ano t h e r  was an e x t e n s i v e  B i b l i o g r a p h y  
by H o c k s t e i n  (2), and f inally the w o r k  of Bahn (3). Bahn 
h a d  a m a s s i v e  c o m p e n d i u m  of several h u n d r e d  chemical r e a c ­
tions in the C - O - N  system. M a n y  o f  B a h n  r e a ctions w e r e  n ot 
analyzed b e c a u s e  of the lack of a v a i l a b l e  th e r m o d y n a m i c  data.
The C - H - O - N  s y stem was d ivided into ei g h t  categories. 
These a re c a r b o n - h y d r o g e n , c a r b o n - o x y g e n , n i t r o g e n - o x y g e n , 
h y d r o g e n - o x y g e n , c a r b o n - h y d r o g e n - o x y g e n , c a r b on-hydrogen- 
nitrogen, h y d r o g e n - n i t r o g e n - o x y g e n  a nd car b o n - n i t r o g e n -  
oxygen reactions.
A  total of 47 reactions for t h e  c a r b o n - h y d r o g e n  reac-
670
R e p r o d u c e d  w i t h  p e r m i s s i o n  o f  t h e  c o p y r i g h t  o w n e r .  F u r t h e r  r e p r o d u c t i o n  p r o h i b i t e d  w i t h o u t  p e r m i s s i o n .
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tions are p r e s e n t e d  in Tab l e  H-1 w i t h  h y d r o c a r b o n  r e a ctions 
w i t h  up to four c a r b o n  atoms. B e n z e n e  a nd p h enol r e a ctions 
w e r e  n ot c o n s i d e r e d  bec a u s e  the reactions for these c o m p o ­
nents had already b e e n  s e l e c t e d  and the k inetic d a t a  a v a i l a ­
ble was rather minimal.
Table H-2 p r e s e n t s  seven ca r b o n - o x y g e n  reactions.
Table H-3 lists 18 re a c t i o n s  in the n i t r o g e n - o x y g e n  system; 
e x c e p t  the last r e a c t i o n  in the table w h i c h  is n i t r o g e n  
dissociation. As can b e  seen, N 2 is a p r e t t y  stable c o m p o ­
nent e v e n  at the v e r y  h i g h  te m p e r a t u r e  of 3000°K. The same 
can b e  said about the d i s s o c i a t i o n  of CO (reaction 5 in 
Table H - 2 ) .
Table H-4 is a c o m p e n d i u m  of 11 h y d r o g e n - o x y g e n  r e a c ­
tions. In c o n t r a s t  to t he r e a ctions of Tables H - 1  through 
H-3, ev e r y  r e a c t i o n  in this table has an e q u i l i b r i u m  
c o n v e r s i o n  g r e a t e r  than zero at 3000°K. It is in t e r e s t i n g 
to n o t e  that re a c t i o n s  1 a n d  3 have p r a c t i c a l l y  t he same 
e q u i l i b r i u m  conversion, at leat to the n u m b e r  of s i g n i f i c a n t  
d i gits shown; r e a c t i o n  4 shows a v e r y  similar e q u i l i b r i u m  
c o n v e r s i o n  b e h a v i o r  as Eq u a t i o n s  1 and 3. R e a c t i o n s  9, 10, 
and 1 1 show the d i s s o c i a t i o n  of h y d r o x y l  radical, h y d r o g e n  
and o x y g e n  m o l e c u l e s  respectively. A s  can b e  seen from the 
t a b u l a t i o n  o f  the e q u i l i b r i u m  conversion, the r e  is no 
s i g n i f i c a n t  d i s s o c i a t i o n  of these components unt i l  they 
r e a c h  a t e m p e r a t u r e  of 3000^K.
Table H-5 lists 10 c a r b o n - h y d r o g e n - o x y g e n  reactions. 
E x c e p t  for t he m e t h y l e n e  ra d i c a l  r e a c t i o n  w i t h  CO, all oth e r




































T A B L E  H - 1 :  E Q U I L I B R I U M  C O N V E N S I O N  A T  E O Ü S  T E M P E R / i T U P . . v i ; S
F O R  C A R B O N - H Y D R O G E N  R E A C T I O N S
Equilibrium Conversion
500“K 1000°K 2G00°K 3000°K
1. CH^ = CHg + H 0. 0. 0.94 48.01
2. CH^ = l/ZCgH^ +  I/2H2 0. 2.83 19.56 33.11
3. CH^ = 1/2C2H^ +  Hg 0. 5.05 91.27 98.71
4. CH^ - l/2CgH2 +  3 /2H 2 0. 1.71 99.05 100.0
5. CH^ = CHg 4. II2 0. 0. 7.39 94.42
6. C»4 = C ( , )  +  2H, 3.0 84.77 99.92 100.00
7. CH^ = CHg + H 0 . 0 . 1.27 49.37
8. CH^ = CH + H 0 . 0. 0.3 8.63
9 . CH = C / . +  H 
(g )
0 . 0 . 1.58 47.46
10. CH = C , . +  H 
(s )














T A B L E  H - l 5  E Q U I L I B R I U M  C O N V E R S I O N  A T  F O U R  T E M P E R A T U R E S
























500°K lOOO^K 2000 ° IC 3000°K
11. CgH* . 2CH, 0. 0. 22.03 100.0
12. S «6 = S « 4  + «2 0. 50.52 99.99 100.0
13. +  I/2C 2H4 53.62 98.63 99.87 100.0
14. C 2H 6 = CHg + CH^ 0. 0.01 52.51 99.52
15. C 2H4 = C 2H 2 + "2 0. 4.51 99.77 100.0
16. CgH^ = 2C + 2Hg 100.0 100.0 100.0 100.0
17. C2H 2 . 2C +  H, 100.0 100.0 99.96 99.21
18. CgHg = CgH + H 0.0 0.0 0.15 18.75
19. CgH = Cg +  H 0.0 0.0 0.01 1.56














T A B L E  H - 1  :  E Q U I L I B R I U M  C O N V E R S I O N  A T  F O U R  T E M P E R A T U R E S























21 . S « 6 C2H3 +  CH3
22 . C3H3 +  H
23. C3H5 S « 4  +  «
24. S « 4 3C +  2Hg
25. ^3^8
=
< 3 *6  +  *2
26. (:3«8
=
<*4  +  <2*4
27. = ^ 2*2
28. ^3 *6
+ CH3 = CH^ +  C3H3
29. +  %  = CH3 +  %
30. S » 4
+ C*4 -  C3HS +  H ,
Equilibrium Conversion
500°K 1000°K 2000°K 3000°K
0. 0. 11.37 98.31
0. 0. 72.37 100.0
0. 0. 2.07 30.88
100.0 100.0 100.0 100.0
0.01 87.15 100.0 100.0
19.61 99.90 100.0 100.0
0. 0. 99.48 100.0
0.01 0.04 0.87 ^ 2.30
0.0 0.42 5.69 12.66



































T A B L E  H - 1  : EQUILIBRIUM CONVERSION AT FOUR TEMPERATURES 
FOR CARBON-HYDROGEN REACTIONS (CONTINUED)
Equilibrium Conversion
500°K 1000°K 2000°K 3000°K
31. CH3 +  Hg = CH^ + H 13.37 13.61 14.73 16.50
32. CHg + H ■■= CH + Hg 0. 1.54 18.69 35.24
33. C, . + H_ = CH + H (g) 2 0. 0.58 9.27 22.56
34. C , . + H_ = CH + H (s; i 0. 0. 0. 0.20
35. CH +  = C; +  H 0. 0.01 3.80 16.77
36. -C, +  H . CH +  C(2) 0. 0. 0.15 1.81
37. CgH +  H = Cg + H 0. 0.11 2.91 9.02
38. CgHz +  H, = C^H, + H 0. 0. 0.04 0.75
39. CgHg + H = C^H +  Hg 1.90 22.33 47.83 54.87
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T A B L E  H - 2  :  E Q U I L I B R I U M  C O N V E R S I O N  A T  F O U R  T E M P E R A T U R E S


















500*K 1000*K 2000°K 3000*K
1. C +  0_ = CO. «9> 2 2
100. 100. 100. 100.
2. C +  1 /2 0 .  = CO 
9% 2
100. 100. 100. 100.
3 . COg = CO +  0 0 . 0 . 0 . 1 9 .0
4 . C (s ) +  COg = 2C0 0 . 54 .96 100 .0 1 00 .0
5. CO .  +  0 0 . 0 . 0 . 0 .
6 . = C (S )
0 . 0 . 0 . 0 .















T A B L E  H - 3  :  E Q U I L I B R I U M  C O N V E R S I O N  A T  F O U R  T E M P E R A T U R E S























500°K 1000°K 2000°K 3000°K
1. NO = N +  0 0 . 0 . 0 . 0 .0 4
2 . Ng +  Ug = 2N0 0. 0 . 0 .9 8 5 .7 3
3. 2N0 = NgO +0 0 . 0 . 0 .0 3 1 .5 0
4 . 2N0g = 2N0 +  Og 4 .9 1 9 3 .99 99 .79 100 .0
5 . NgO = Ng +  0 0 . 14.55 99.91 100 .0
6 . NO 2 = NO +  0 0. 0 . 39 .26 99 .47
7 . NgO = NO +  N 0 . 0 . 3 .81 100 .0
8 . NO +  Og = NO2 +  0 0. 0 . 0 .0 2 1 .18
9 . NO +  N = N2 +  0 0 . 0 . 0 .0 1 0 .4
















T A B L E  H - 3  :  E Q U I L I B R I U M  C O N V E R S I O N  A T  F O U R  T E M P E R A T U R E S





















500°K 1000°K 2000°K 3000°K
11. NOg +  Ng = NO +  N^o 0 . 0 .0 4 1 .88 7 .62
12. Ng +  0 = 2N +  1 /20^ 0 . 0 . 0 . 0 .
13. Ng +  Og = NOg +  N 0. 0 . 0 . 0 .
14. NO +  0 = N +  Og 0 . 0 . 0 .0 0 3 .7
15. Ng +  0% +  NgO +  0 0. 0 . 0 . 0 .0 1
16. NO +  Ng = NgO +  N 0 . 0 . 0 . 0 .
17. N^O +  Og = 2N0 +  0 0. 0 . 0 . 0 .




















0 cn cn cn ON rv NO f—4
O cn c\ cn C7\ CM 00 ON *-4 O'. r4o r4 cc>o o CMcn CM CM CM in ON cn p-4 m





k o o o \D cn T-4Æ o CM CM CM o m T—4o CO oCM o CM O'! NO o o o•H3CH
\o o0 T—4 cn o 00o o o o cn r-4o oin o o O o cn o o o o o
§
g
X a + +
X CM o o CMK CM CM CM a+ o a
+ II II II
X II IIo o O CM ao CM a
it II + a o ++o o o + + oCM CM CM CM CM
X ss w X o o a











a CM CMa o a o
a o\ o1-4 r4r4










T A B L E  H - 5  :  E Q U I L I B R I U M  C O N V E R S I O N  A T  F O U R  T E M P E R A T U R E S























500°K 1000°K 2000°K 3000°K
1 . CO +  H = CO +  OH 2
0 . 3 .8 6 4 0 .5 3 6 1 .2 2
2 . GH3 +  Og = CH +  20H G. 0 . 2 .2 4 6 5 .5 9
3 . COg +  Hg = CO +  HgO 7.86 4 5 .4 9 68 .12 73 .00
4 . CHg +  CO = CgHg +0 0. 0 . 0 .0 2 0 .2 3
5 . CgH +  HgO = CgRg +  OH 5 .0 5 14.33 25 .88 32 .44
6 . CgHg +  HgO = CgH^ +  OH 0 .0 1 1 .35 7.49 13 .66
7 . CHg +  0 = CO +  Hg 100. 100. 100. 100.
8 . CH, +  0 = CH_ +  OH 4 3
7 9 .2 3 95 .59 100. 100.
9 . CH3 +  HgO = CH  ̂ +  OH 0. 0 .7 1 5 .2 4 10.36







reactions show a m e a s u r a b l e  d e g r e e  of conversion.
Table H - 6 , t he l a s t  table of this appendix, is a c o m ­
p e n d i u m  of c a r b o n - h y d r o g e n - o x y g e n ,  h y d r o g e n - n i t r o g e n - o x y g e n  
a nd c a r b o n - n i t r o g e n - o x y g e n  reactions. A  total of 8 r e a ctions  
are p r e s e n t e d  in this table.










T A B L E  H - 6  : EQUILIBRIUM CONVERSION AT FOUR TEMPERATURES
FOR THE CAE.BON-HYDROGEN-NITROOEN, HYDROGEN- 




















500"K 1000°K 2000°K 3000°K
1 . C +  I / 2N2 = CgNg 0 . 0 . 0 . 0.01
2 . HCN = H +  CN 0 . 0 . 0 . 9 .5 9
3. NHg +  C = HCN +  Hg 0 . 12.12 9 9 .92 100.0
4 . NH3 = I / 2N2 +  3/ 2H2 83 .26 9 9 .9 6 100.0 100.0
5. N +  OH = N_0 +  H 2 2
0 . 0 . 0.0 0.1
6. NO +  OH = NO2 +  H 0 . 0 . 0 .3 6 1.20
7. NO +  CO2 = NO2 +  CO 0 . 0 . 0.21 1.88
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V IT A
E d u a r d o  Gonzalez del V a l l e  w a s  b o r n  in Havana, Cuba, 
o n  M a y  7, 1943. He c o m pleted his p r i m a r y  and se c o n d a r y  
e d u c a t i o n  at the J e s u i t  run, C o l e g i o  de Helen, w h e r e  he 
g r a d u a t e d  June 16, 1960. B e c a u s e  of the c o m m u n i s t  t a k e ­
o v e r  o f  Cuba, he w a s  forced to l eave his n a t i v e  c o u n t r y  
for th e  U. S. A. In the summer o f  1960 he became J u n i o r  
C o u n s e l o r  at K i n g s w o o d  Camp, l o c a t e d  in Pike, N e w  H a mpshire,  
w h i c h  he h a d  a t t e n d e d  as a summer ca m p e r  since 1956. The 
f o l l o w i n g  year h e  b e c a m e  a S e n i o r  C o u n s e l o r  and w a s  
a p p o i n t e d  i n structor of swimming, b o a t i n g  and canoeing.
F r o m  S e p tember 1960 to J u n e  1962, h e  attended 
V i l l a n o v a  U n i v e r s i t y  w h e r e  h e  w o n  fo r  two c o n s e c u t i v e  y e a r s  
the J o h n s o n  F o u n d a t i o n  S c h o l a r s h i p  Award. B e c a u s e  of the 
f a m i l y ' s  financial difficulties, he m o v e d  to M i a m i  w h e r e  
his p a r e n t s  lived. T here he e n r o l l e d  at the U n i v e r s i t y  of 
Micuni for the school yea r  1962-1963, w h i l e  w o r k i n g  parttime. 
T h e r e  h e  w a s  awar d e d  a d i p l o m a  for "Outstanding A c a d e m i c  
Ac h i evement". In S e p tember 1963 h e  t r a n s f e r r e d  to L o u i s i a n a  
S t a t e  U n i v e r s i t y  w h e r e  h e  r e c e i v e d  his B a c h e l o r  of S c i e n c e  
D e g r e e  in C h e mical E n g i n e e r i n g  in J une 1965.
In his senior year, h e  r e c e i v e d  the M o n s a n t o  C h e m i c a l  
C o m p a n y  S c h o l a r s h i p  Award.
A s  a n  u n d e r g r a d u a t e  h e  w a s  Editor of a Span i s h  n e w s ­
p a p e r  c a l l e d  "Liborito", A l s o  m e m b e r  and later C h a i r m a n  of
R e p r o d u c e d  w i t h  p e r m i s s i o n  o f  t h e  c o p y r i g h t  o w n e r .  F u r t h e r  r e p r o d u c t i o n  p r o h i b i t e d  w i t h o u t  p e r m i s s i o n .
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a  s u b c o m m itte e  o f  t h e  S tu d e n t  G o v e rn m e n t A s s o c ia t io n .
He became a m e m b e r  o f  the f o l l o w i n g  h o n o r a r y  societies:
T au Beta Pi and P h i  K a p p a  Phi.
On J u n e  12> 1965, h e  m a r r i e d  t h e  former M a r g a r i t a  
Garcia Du-Quesne. T h e y  have three children.
Aft e r  g r a d u a t i o n  in 1965, h e  w e n t  to w o r k  for Kaiser 
A l u m i n u m  in B a t o n  Rouge. The f o l l o w i n g  year h e  started 
full time g r a d u a t e  w o r k  at L SU in February, 1965, and left 
in February, 1970. W h i l e  in G r a d u a t e  School he became 
m e m b e r  o f  the f o l l o w i n g  honor a r y  societies: P h i  Lambda
U p s i l u m  and Sigma Xi.
In M a r c h  1970. he joined the M a t h e m a t i c s ,  C o m p u t e r  and 
Systems D e p a r t m e n t  of Exx o n  C o r p o r a t i o n  in F l o r h a m  Park,
N e w  Jersey. In A ugust, 1973, he w a s  t r a n s f e r r e d  b y  Exxon 
to its r e f i n e r y  in Aruba, N e t h e r l a n d s  Antilles, w h e r e  he 
p r e s e n t l y  resides.
W i t h  h i s  Dissertation, h e  w i l l  h a v e  a total of 24 
p u b l i c a t i o n s .
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